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A  large  amount  of  theoretical  and  experimental  material  on 
questions  of  the  formation  of  radiotoxins  in  irradiated  organisms , 
quantitative  principles  of  their  development t  chemical  nature  and 
broad  spectrum  of  the  radiomimetio  properties  of  these  substances 
is  correlated  in  the  book ;  these  questions  piece  the  whole  problem 
of  radiotoxins  at  the  center  of  attention  in  a  consideration  of 
the  initial ,  actuating  mechanisms  of  the  biological  effect  of  ion- 
izing  radiation . 

A  number  of  papers  which  throw  light  upon  the  nature  and  pro¬ 
perties  of  secondary  radiotoxins  which  develop  in  the  course  of 
radiation  sickness  are  of  great  interest  from  the  viewpoint  of  an 
understanding  of  the  pathogenesis  and  methods  of  treating  radia¬ 
tion  sickness . 

The  book  is  intended  for  scientists  working  in  -tits  field  of 
radiobiology ,  graduate  students  and  students  in  the  senior  courses 
of  the  corresponding  emotion,  as  welt  as  for  a  wide  circle  cf  medi¬ 
cal  radiologists  and  specialists  interested  in  questions  of  ths  use 
of  atomic  energy  in  agriculture . 
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FOREWORD 


The  First  All-Union  Conference  of  Radiobiologists  on  ques¬ 
tions  of  the  nature  and  role  of  radiotoxins  in  the  biological  ef¬ 
fect  of  ionizing  radiation  took  place  in  1965  and  the  material 
from  it  is  contained  in  this  book. 

The  concept  of  radiotoxins  as  substances  forming  in  the  or¬ 
ganism  from  the  effect  of  radiation,  which  are  biologically  ac¬ 
tive  and  cause  radiation  effects  to  one  or  another  degree  in  the 
irradiated  organism,  arose  at  the  very  beginning  of  the  develop¬ 
ment  of  radiobiology .  Thus,  D.E.  Lee  in  1946  in  his  classical 
work  "The  Effect  of  Radiation  on  Living  Cells"  assumed  that  the 
products  which  are  formed  from  the  effect  of  emissions,  being 
cell  poisons,  even  at  very  low  concentrations,  can  have  an  in¬ 
jurious  effect.  However,  the  absence  of  real  knowledge  of  the 
ohealeal  and  biochemical  changes  in  the  Irradiated  organism  at 
that  time  did  not  permit  closer  consideration  of  this  hypothesis. 

Later,  noting  the  similarity  of  the  effect  of  ionizing  ra¬ 
diation  with  the  effect  of  bacterial  exotoxlns  or  mustard  gas 
and  its  analogues  (radlomlmetio  substances),  many  investigators 
returned  again  and  again  to  the  thought  that  a  number  of  the 
aftereffects  of  the  irradiation  can  be  explained  by  the  radio- 
toxins  which  are  formed. 

At  the  end  of  the  forties  and  the  beginning  of  the  fifties 
a  number  of  bloohemlcal  investigations  were  conducted  on  irradiated 
organisms  which  as  a  result  showed  various  changes  in  the  content 
of  different  substances  in  the  tissues  of  irradiated  animals. 

In  195t,  B.N.  Tar usov  in  the  monograph  "Foundations  of  the 
Blologieal  Effect  of  Radioactive  Emissions"  indicated  the  depend¬ 
ence  of  the  radiation  effect  on  the  development  of  physlco- 
ohesdsal  processes  in  the  irradiated  organism  which  lead  to  the 
appearance  of  "primary  toxins."  Numerous  investigations  on  the 
distant  effect  of  radiation,  experiments  with  parabionts,  experi¬ 
ments  on  the  radioresistance  of  cells  in  the  ease  of  their  post- 
radiation  maintenance  in  tissue  cultures  and  investigations  on 
the  effect  of  Irradiated  cytoplasm  on  nonirradlated  cell  nuclei 
pointed  to  the  role  of  radiotoxins  in  the  development  of  radiation 
sioknsss. 

P.D.  Gorlsontov  at  the  end  of  the  fifties,  in  analysing  dnta 
on  the  development  of  radiation  lesion  In  mammals,  cams  to  the 
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conclusion  that  toxemia  occupies  an  important  place  in  the  patho¬ 
genesis  of  radiation  sickness. 

A.M.  Kuzin  in  1962  in  the  monograph  "Radiation  Biochemistry" 
gave  attention  to  the  fact  that  the  effec4-  of  ionizing  particles 
on  multiple  structures  of  the  cell  can  change  their  functions  in 
metabolic  processes  and  lead  to  the  formation  in  the  cell  of  changed 
metabolites,  whose  accumulation  and  effect  oh  the  unique  molecules 
or  the  cell  can  cause  many  of  the  known  radiation  effects.  The  con- 

"radiotoxin"  thus  is  enlarged.  It  is  not  exhausted  by  any  one 
specific  substance.  This  concept  extends  to  a  number  of  unusual 
metabolites  developing  in  an  irradiated  organism  and  even  to  ordi¬ 
nary  metabolites,  but  which  are  formed  after  irradiation  in  abnor- 
...  illy  high  concentration.  Radiotoxins  which  possess  the  ability  to 
r<.-act  with  the  unique  molecules  of  desoxyribonucleic  acid  (dis- 
;  ..riling  tneir  structure  and  Information  code)  and  which  act  on  cell 
membranes  with  a  change  in  the  course  of  fermentative  reactions  will 
have  special  significance  for  an  understanding  of  the  initial,  ac¬ 
tuating  mechanisms  of  the  effect  of  ionizing  emissions  at  the  cell 
i-cvel.  Secondary  radiotoxins  arising  as  a  result  of  deeper  bio¬ 
chemical  changes  in  the  irradiated  organism  can  be  of  extreme  in¬ 
terest  for  understanding  the  later  stages  of  the  development  of 
radiation  lesion  in  the  organism  of  higher  animdls  and  man  and, 
consequently,  for  rendering  them  the  appropriate  assistance. 

Classical  target  theory  (or  hits  on  unique  cell  structures) 

Is  capable  of  explaining  only  a  limited  range  of  phenomena.  Many 
experimental  facts  require  either  additional  new  hypotheses  or  a 
radically  different  interpretation  of  the  initial  events  in  an  ir¬ 
radiated  cell. 

The  first,  conference  on  radiotoxins  had  as  its  tack  considera- 
t  i-...-n  of  the  problem  of  radiotoxins  as  a  whole  and  becoming  acqualnt- 
u  with  recent  investigations  in  this  area. 

This  book,  in  correlating  the  material  of  the  conference, 

Ives  an  up-to-date  presentation  of  the  theory  of  radiotoxins, 
substantially  supplementing  the  available  information  on  processes 
actually  arising  In  the  irradiated  cell  and  organism,  and  promoting 
t.h-;  development  of  a  structural-metabolic  theory  of  the  biological 
effect  of  Ionizing  radiation. 


A.M.  Kuzin 
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RADIGTOXINS,  THEIR  POSSIBLE  NATURE  MLROLE  IR  THE  DEVELOPMENT 

OF  RADJATIOR  LESION  * 

.•  ,  A.M.  Kuzin  \  ;r  ' :  : ;  • 

(Institute  of  Uiophysioa  USSR  Academy  of  Sciences)  '' 


The  distance  effect  of  radiation,  shown  at  the  cell  level  : 
[1-73,  in  plants  [8,9]  and  in  animals  [10-13]  compels  one, to  as¬ 
sume  the  possibility  of  various  mechanisms,  in  the  direct  effect 
of  radiation*  Its  presence  speaks  of  the  formation  of  substances 
(radiotoxins)  in  an  irradiated  cell  or  tissue-possessing,  in  vir¬ 
tue  of  their  special  chemical  structure  or  as  a  result  of  their 
appearance  in  abnormal  concentrations,  the  capacity  to  imitate 
the  effect  of  radiation.  In  fact,  such  phenomena  ar  inhibition  of 
mitosis,  delay  in  division  and  -growth,  the  appearance  of  chromes o 
mal  aberrations  and  pycnotie  nuclei,  the  development  >f  sterility 
cytolytic  cell  breakdown,  etc.,  which  are  characteristic  of  the 
direct  effect  of  radiation  are  observed  in  the  case  of  the  dis¬ 
tance  effect. 

The  following  processes  precede  the  appearance  of  the  dis¬ 
tance  effect: 

1.  Radiotoxins  [RT]  (PT]  must  arise  from  the  effect  of  ir¬ 
radiation  in  the  cells  of  irradiated  tissues,  Raving  arisen,  they 
will  react  with  characteristic  structures  of  the  irradiated  cell, 
causing  the  corresponding  radiation  effect.  With  a  small  dose  of 
radiation  all  the  RT  which  have  formed  react  with  characteristic 
structures  of  the  irradiated  cell  and,  consequently,  there  cannot 
be  an  escape  of  the  RT  from  the  cell,  that  is,  the  distance  ef¬ 
fect  is  not  manifest'd, 

2.  The  radiotoxins  must  escape  from  the  irradiated  cell  in¬ 
to  the  external  environment.  This  is  possible  Only  when  there  is 
a  sufficiently  high  dose  of  radiation  which  provides  for  the  for¬ 
mation  of  an  excess  of  RT  which  is  not  absorbed  by  the  character¬ 
istic  cell  structures.  Only  at  a  specific  concentration  of  RT  in 
the  irradiated  tissues  is  their  esoape  possible  from  the  irradiat 
ed  cells  into  the  external  environment  as  a  result  of  diffusion 
or  active  metabolic  transfer. 

3.  The  radiotoxins  must  be  tranefered  by  the  medium  flowing 
around  the  oelte  (into roe llular  liquid ,  lymph ,  blood ,  etc.),  to 
uninjured  iiteues.  Undoubtedly,  during  the  transfer  dilution,  non 


specific  sorption  and!*  consequently*  a  decrease  in  the  RT  concen¬ 
tration  will  occur. 

4.  The  radiotoxin  must  penetrate  into  the  cells  of  distantly 
located  tissue  in  order  to  manifest  its  radiomimetie  effect*  For 
this,  RT  must-  be  present  in  sufficient  concentration  in  the  medium 
flowing;  around  the  cells,  in  any  ease,  more  than  that  which  is  fcrm- 
"e u, '-t it h in.  Uni r r a ei a fc e d  cells.  However,  in  its  turn  this  minimal  RT 
concentration  in  the  cell  must  be  sufficient  for  the  RT  to  react 
with  intrace.liulaj*  structures  (for  example,  with  the  nucleus)  and 
cause- therdistance  effect  (for  example,  a  change  in  the  course  of 
mitosis) .  ~ 

^  f-eSr'*  i  r  i  %  r. 
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Fig.  1.  Diagram  of  the  distance  effect.  I)  Irradiated  medium  (cell 
cytoplasm,  tissue);  II)  interstitial  medium  (cytoplasm,  intercellu¬ 
lar  fluid);  III)  site  of  the  appearance  of  the  distance  effect  (cell 
nucleus,  tissue).  A)  Radiotoxin  concentration;  B)  path  of  radiotoxin. 


Thus,  the  existence  of  a  distance  effect  of  radiation's  ac¬ 
tion  compels  one  to  accept  the  relative  distribution  of  the  RT  con¬ 
centration,  represented  in  Fig.  1. 

Such  a  representation  of  the  various  RT  concentrations  in  di¬ 
rectly  irradiated  tissues  and  tissues  in  which  a  distance  effect 
is  manifested  leads  to  the  following  conclusions  which  are  impor¬ 
tant  to  the  general  theory  of  the  biological  effect  of  radiation. 

1.  All  the  phenomena  observed  in  distantly  located  tissues 
from  the  effect  of  the  very  small  RT  concentrations  which  have 
reached  them  will  be  manifested  in  directly  irradiated  tissues  at 
much  lower  doses  and  to  a  considerably  greater  degree. 

2.  The  radiation  effects  observed  in  the  distance  effect  of 
radiation,  for  example,  delay  in  mitoses,  cessation  of  cell  divi¬ 
sion,  inhibition  of  growth  and  tissue  development,  appearance  of 
chromosomal  aberrations  and  pycnoses  of  the  nucleus,  inhibition 
of  desoxyribonucleic  acid  [DNA]  (HHiC)  synthesis,  etc.,  can  also 
arise  in  directly  irradiated  tissue  as  a  result  of  the  formation 
of  RT  in  it,  without  necessarily  assuming  a  direct  hit  of  ionizing 
particles  on  structures  responsible  for  these  effects. 
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3.  The  appearance  of  any  radiation  effects  in  cells  in  the 
case  of  direct  irradiation  which  are  not  manifested  in  distantly 
located  tissues  cannot  serve  as  an  argument  in  favor  of  the  nec¬ 
essity  of  their  development  due  to  a  direct  hit  of  ionizing  par¬ 
ticles,  This  cannot  be  asserted  if  only  because  the  RT  concentra¬ 
tion  in  directly  irradiated  cells  and  tissues  is  immeasurably  high¬ 
er  than  in  distantly  located  cells  and  tissues,  which  may  be  the 
reason  for  the  appearance  of  a  number  of  such  effects  which  cannot 
be  caused  by  a  relatively  lower  RT  concentration. 

Everything  which  has  been  stated  above  emphasizes  the  excep¬ 
tional  importance  of  a  quantitative  approach  in  evaluating  the 
significance  of  RT  in  the  development  of  radiation  lesion.  The 
quantitative  approach  was  widely  used  in  radiobiology,  however, 
the  dose-effect  curves  obtained  in  experiments  were  analyzed  as 
a  rule  from  the  standpoint  of  classical  target  theory.  This  theory 
assumes  the  need  for  a  direct  hit  of  the  ionizing  particles  (one 
or  several)  on  unique  cell  structures  which  are  the  controlling 
eystema  whose  destruction  leads  in  the  final  analysis  to  manifes¬ 
tations  of  various  radiation  effects  (to  the  development  of  muta¬ 
tions,  the  cessation  of  growth,  the  death  of  the  cell,  etc.). 

The  role  of  desoxyribonucleic  acid  in  the  storage  of  the 
cell’s  hereditary  and  metabolic  information*  which  has  been  shown 
in  the  last  ten  years,  as  well  as  the  determination  of  the  paths 
of  the  transmission  of  this  information  through  Informational 
ribonucleic  acid  [I-RNA]  (W-PHIC)  to  the  cytoplasmic  ribosomes 
(which  synthesize  protein-enzymes  determining  the  direction  and 
intensity  of  the  metabolic  processes  in  the  cell)  were  used  in 
radiobiology  for  identifying  the  "unique  structures"  injured  by 
a  direct  hit  of  ionizing  particles  with  structures  of  the  DNA 
molecule  e. 

Thus,  according  to  genetic  theory  [14},  the  initial  events 
in  an  irradiated  cell  which  have  a  direct  relation  to  the  appear¬ 
ance  of  the  final  effect  arise  in  the  genetically  significant  DNA 
macromolecules  of  the  cell  nucleus.  The  primary  effect  of  radiation 
comes  down  to  a  disturbance  of  the  matrix  structure  of  the  DNA,  as 
a  result  of  which  there  is  a  delay  in  its  reduplication  and  the 
appearance  of  "mistakes"  in  reading  the  information  code  of  I-RNA 
which  leads  to  a  decrease  in  the  synthesis  of  individual  enzymes. 

If  these  are  key  enzymes,  the  death  of  the  cell  occurs.  A  disturb¬ 
ance  In  the  matrix  structure  of  the  DNA  during  its  reduplication 
leads  to  genetic  defects  -  the  appearance  of  radiation  mutants 
with  various  deviations  from  the  norm. 

The  genetic  theory  of  hits  on  unique  cell  etruoturee  (tar¬ 
get  theory)  under  discussion  leads  to  the  following  conclusions: 

1.  The  radiation  effect  in  the  oeli  develops  according  to 
she  "all  or  nothing"  principle  depending  on  hits  or  non-hits  of 
ionizing  particles  on  a  unique  structure. 

2.  The  radiation  effect  depends  only  on  the  entry  of  ion¬ 
izing  particles  Into  unique  structures  of  the  oell  nucleus.  Ir¬ 
radiation  of  multiple  structures  of  the  cytoplasm  is  not  of  deci¬ 
sive  importance. 


3.  The  radiation  effect  is  caused  by  one  or  several  hits  of 
ionizing  particles  on  a  unique  structure.  Hence,  according  to 
Poisson's  theory  it  is  easy  to  ootaln  curves  of  the  dependence  of 
the  effect  on  the  dose.  Exponential  curves  indicate  that  one  hit 
on  a  sensitive  area  of  the  cell  is  sufficient  for  the  manifesta¬ 
tion  of  the  radiation  effect.  Curves  of  an  S-shaped  form  speak  of 
the  need  for  two  or  more  hits  on  a  sensitive  area  of  the  cell. 

H  wever,  no  matter  how  orderly  and  conclusive  the  concept  of 
the  direct  effect  of  radiation  on  unique  ceil  structures  may  seem, 
many  experimental  facts  sharply  contradict  its  assumptions  and  re¬ 
quire  either  additional  new  hypotheses  or  a  radically  new  interpre¬ 
tation  of  the  initial  events  in  an  irradiated  cell. 

First  of  all,  at  the  present  time  inapplicability  of  the  "all 
or  nothing"  principle  depending  on  a  hit  or  a  non-hit  on  a  unique 
structure  is  well-known:  the  radiation  effect  after  irradiation 
with  a  specific  dose  can  change  essentially  depending  on  the  cul¬ 
tural  conditions  of  the  cells  in  the  post-radiation  period.  It 
has  also  been  found  that  the  magnitude  of  the  effect  depends  on 
the  nature  of  the  metabolic  processes  in  the  cell  in  the  post¬ 
radiation  period  [27,  28]. 

Investigations  which  showed  the  effect  of  irradiated  cyto¬ 
plasm  on  the  functioning  of  the  nucleus  placed  in  doubt  the  second 
point  of  the  target  theory  which  is  that  irradiation  of  multiple 
cell  structures  is  not  essential  for  the  final  radiobiological  ef¬ 
fect  . 


The  assumption  that  a  hit  of  an  ionizing  particle  on  one  or 
another  structure  or  molecule  leads  only  to  its  destruction  and 
the  loss  of  its  functions  (for  example,  to  enzyme  inactivation, 
impossibility  of  DNA  reduplication,  etc.),  is  also  erroneous. 

Target  theory  has  also  Ignored  another  possibility,  very 
likely  in  an  actively  metabolizing  cell,  namely  that  a  hit  of  an 
ionising  particle  on  a  biologically  active  macromolecule  or  struc¬ 
ture  can  lead  to  a  change  in  its  functions,  causing  in  the  post¬ 
radiation  period  the  appearance  and  accumulation  in  the  cell  of 
abnormal  metabolites  —  radiotoxins. 

The  obtaining  of  an  exponential  curve  of  the  effect -dose 
dependence  is  usually  cited  as  abundant  proof  of  the  correctness 
of  the  target  theory,  that  is,  of  the  possibility  of  the  manifes¬ 
tation  of  the  radiation  effect  even  from  one  hit  on  a  unique  cell 
structure.  It  is  not  difficult  to  show  that  the  obtaining  of  an 
exponential  dependence  of  the  radiation  effect  on  the  dcse  equally 
fits  the  theory  of  RT  formation. 

Let  us  assume  that  the  radiation  effect  depends  on  tne  hit  of 
ionizing  particles  on  aome  multiple  cell  structures,  for  example, 
mitochondria.  The  hit  of  an  ionizing  particle  on  a  mitochondrion 
does  not  disable  it,  but  disturbs  only  interlinked  processes  of 
electron  transport.  Let  us  assume  that  as  a  result  of  this  disturb¬ 
ance  unusually  strongly  oxidized  compounds  begin  to  form,  for  exam¬ 
ple,  epoxides  of  fatty  acids  or  quinones  from  aromatic  amino  acids. 
The  striking  of  only  one  mitochondrion  leads  to  an  infinitesimally 

-  7  - 


-4«.x •  ii&jitommmwM*  <**-■  ****»■-■■  ~ a-*— .iwmrmmbiam*  :«.as> mmm «wsw  i>  &  yn&amm- 


small  accumulation  of  abnormal  oxidation  products  in  the  cell  - 
radiotoxins.  The  probability  of  the  manifestation  of  its  effect 
will  be  infinitesimally  small.  However,  the  greater  the  irradiation 
dose,  the  more  altered  mitochondria  there  will  be  and  the  more  RT 
will  be  formed  in  some  specific  time  interval. 

The  radiotoxin  CRT]  concentration  will  be  directly  proportional 
to  the  number  of  changed  mitochondria  [Mi ] : 


where  k  is  the  coefficient  of  proportionality.  According  to  Poisson’s 
theory,  the  number  of  altered  centers  in  the  cells  (in  the  given 
case  mitochondria)  will  increase  depending  on  the  dose  D  according 
to  the  equation 


under  the  condition  that  one  hit  on  an  active  center  is  sufficient 
to  cause  a  change  in  its  functions.  Hence,  the  RT  concentration 
will  increase  in  the  irradiated  cell  depending  on  the  dose  accord¬ 
ing  to  the  equation 


that  is,  exponentially. 

It  is  sufficient  to  assume  that  the  probability  of  the  manifes¬ 
tation  of  the  radiation  effect  (for  example,  the  death  of  the  cell 
or  its  inability  to  multiply)  within  certain  dose  ranges  is  direct¬ 
ly  proportional  to  the  RT  concentration: 

Effect  *  K[RT] 


and  consequently, 

Effect  • 

in  order  to  obtain  exponential  curves  of  the  dose-effect  dependence. 
In  our  work  with  Norbayev  [15]  by  the  method  of  electron  polarography 
the  dependence  of  the  quinone  formation  on  the  radiation  dose  in 
plant  tissue  was  obtained  in  the  form  of  typical  exponential  curves 
(Fig.  2). 

As  was  shown  on  other  specimens  (plants,  yeasts  and  liver), 
the  accumulation  of  qulnones  oan  ocour  both  according  to  an  expo¬ 
nential  curve  and  aeoordlng  to  an  S-ehaped  curve  (see  this  collec¬ 
tion,  pages  28  and  37),  which  represents  the  corresponding  doae- 
effeot  curves.  Thus,  the  dose-effect  ourves  comply  equally  well 
both  with  the  theory  of  hitting  unique  structures  and  with  the 
theory  of  hitting  multiple  structures  with  a  change  in  their  func¬ 
tions  in  the  direction  of  RT  formation. 
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A  majority  of  the  radiation  effects  is  manifested  only  some 
time  after  irradiation.  A  study  of  the  RT  concentration  in  irradiat¬ 
ed  tissues  also  showed  its  Increase  with  the  time  which  had  passed 
after  irradiation.  This  increase  clearly  is  directly  connected  with 
the  initial  change  in  enzyme  activity  in  irradiated  cells  shown  in 
a  number  of  papers  (see  [16-18]  and  this  collection,  pare  lH) .  If 
the  simplest  case  of  RT  formation  Is  assumed  (for  example,  quinone) 

-  through  an  enzymatic  process  taking  place  in  one  stage  -  the  rate 
of  RT  accumulation  will  be  expressed  by  the  following  equation: 

®-=K((A]-[PTD, 


where  [RT]  is  the  radiotoxin  concentration; 
t  is  the  time  after  irradiation; 

[A]  is  the  initial  concentration  of  the  RT  precursor. 
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Pig.  2,  Dependence  of  o-quinone 
formation  on  radiation  dose.  X) 
Amount  of  <?-quinones  formed,  % ; 
Xn)  maximum  forming  amount  of  o- 

quinonea,  X. 


The  rate  of  RT  formation  will  decrease  in  proportion  to  the 
increase  in  its  concentration,  for  example,  through  the  reversibi¬ 
lity  of  the  reaction,  according  to  the  equation 

&P-  -  AflA]  -  (PTD  -  *' QB)  +  tPTfc 

where  [B]  is  the  normal  amount  of  RT  in  the  system.  Integration  at 
[RT]  *  0  and  T  ■  0  gives 


[ptj  -  {i 
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Taking  k/k 1  =  K ,  we  obtain 

[PTj «  ji -fr#+r)i|. 

*  T  A 

In  the  equilibrium  state  fRT] 

r 

fH-M, 

lPT]  =  [PT],{l-e-»+*'M|, 


i,e.,  the  RT  concentration  under  the  assumptions  made  above  will 
increase  exponentially  with  time.  The  polarographic  study  of  the 
increase  in  quinones  in  irradiated  plant  tissue  conducted  .lointly 
with  Norbayev  [15]  is  represented  in  Pig.  3.  As  seen  from  the 
figure,  the  amount  of  quinone  increases  strictly  exponentially 
in  the  first  24  hours  after  irradiation. 


Fig.  3*  Dependence  of  o -quinone  formation  on 
time  after  irradiation  (X  is  taken  as  100*) . 

Iff 


The  exponential  nature  of  the  ourve  of  the  Increase  In  the 
amount  of  quinones  with  the  time  after  Irradiation  leads  to  two 
Important  conclusions. 

1.  The  formation  of  quinones  begins  at  the  moment  of  Irradia¬ 
tion.  (Mils  Is  one  of  the  first  processes  arising  from  the  effeot 
of  radiation  on  a  biological  specimen.) 

2.  The  formation  of  quinones  continues  after  conclusion  of 
the  irradiation  as  a  result  of  the  activation  of  ensymatlo  systems 
of  phenol  oxidation,  l.e.,  there  is  present  here  an  example  of  the 
biochemical  Intensification  of  Initial  processes,  whose  importance 
In  the  theory  of  the  biological  effect  of  radiation  was  Indicated 
by  the  author  In  1957  [193. 

The  linking  of  the  radiation -chemical  and  ensymatlo  mechan¬ 
isms  of  RT  formation  (semlquinone  or  quinone)  can  be  represented 
in  the  following  way. 


-  10 


■*>$£■■  ssgssr-  ^ff! <?* 


Normally  the  following  chain  of  reactions  takes  place  in  the 

cell: 

Enzyme  A  Enzyme  B 

Precursor  - ►  Semiquinone  J  Quinone  - ►  Product  of  con¬ 

densation  or  oxidation  cycle 


Quinones  as  intermediate  substances  are  found  in  an  infinitesimally 
small  concentration. 

During  irradiation  the  radiation-chemical  reaction 

fcv 

Precursor  - ►  Quinone 


develops. 

The  quinone  concentration  increases .  The  qulnones  react  with 
enzyme  B,  blocking  its  active  group.  The  decrease  in  quinones  is 
slowed  down.  In  virtue  of  the  action  of  enzyme  A  the  quinones  begin 
to  be  accumulated  in  the  cells  through  the  enzymatic  process. 

A  different  path  of  linking  can  be  assumed:  normally  enzyme  A 
is  inhibited.  The  quinones  arising  as  a  result  of  the  radiation-chemi¬ 
cal  reaction  bind  the  inhibitor  and  from  the  effect  of  the  liberated 
enzyme  A  enzymatic  production  of  quinones  develops.  A  third  mechan¬ 
ism  also  cannot  be  excluded:  the  quinones  formed  as  a  result  of  a 
radiation-chemical  reaction  react  with  a  repressor  which  inhibits 
the  synthesis  of  I-RNA  which  is  responsible  for  the  synthesis  of 
enzyme  A.  Synthesis  of  I-RNA  takes  place  and  (after  its  arrival  at 
the  ribosomes)  regeneration  of  enzyme  A.  The  increased  amount  of  en¬ 
zyme  A  activates  enzymatic  production  of  the  quinones.  The  probability 
of  the  first  method  was  confirmed  by  the  Kopylov's  investigations 
(see  this  collection,  page  18).  Further  investigations  will  show 
whether  other  methods  of  linking  occur. 

Similar  regularities  In  the  increase  in  the  amount  of  quinones 
with  time  were  shown  in  our  laboratory  in  irradiating  vegetating  corn 
germlnants  and  seeds  and  in  the  irradiation  of  yeasts  (see  this  col¬ 
lection.  page  28),  as  well  as  in  the  liver  of  Irradiated  rats  (see 
pare  37)  and  rabbits  (see  page  201). 

It  is  necessary  to  particularly  emphasise  the  capacity  of  qui- 
nones  arising  from  irradiation  (as  well  as  quinones  obtained  in 
model  experiments,  for  example,  from  the  enzymatic  ozldation  of 
tyrosine)  to  inhibit  mitoses  [20],  to  cause  chromosomal  aberrations 
[21,  22],  to  stop  the  growth  of  tissues  [23]  *nd  young  animals  (see 
this  collection,  page  90),  to  cause  leucopenia  (see  page  90),  to  in¬ 
hibit  and  alter  DNA  synthesis  (see  page  73),  to  retard  development 
and  to  cause  the  appearance  of  deformities  in  acting  on  developing 
amphibian  eggs  (see  page  83).  •* 

What  has  been  stated  above  makes  it  possible  to  consider  the 
quinones  appearing  in  irradiated  tissues  as  one  of  the  most  impor¬ 
tant  examples  of  RT. 

The  above-described  principles  of  the  formation  of  RT  and 
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their  properties  makes  it  possible  to  examine  many  phenomena  in 
radiobiology.  The  rapid  active  sorption  of  RT  of  quinoid  nature 
by  cell  nuclei  (see  this  collection,  page  60)  and  their  close 
connection  with  the  proteins  and  DNAof  the  nuclear  nucleoproteins 
(see  page  53)  makes  it  possible  to  understand  the  greater  vulner¬ 
ability  of  cell  nuclei  and  the  change  in  the  transmission  of  in¬ 
formation  included  in  the  DNA  of  the  nuclear  nucleoproteins  from 
the  effect  of  radiation.  The  complexing  of  the  quinones  with  the 
nitrogenous  bases  of  DNA  can  cause  mistakes  in  the  synthesis  of 
informational  RNA  and  thereby  a  secondary  change  in  the  metabolic 
processes  in  the  irradiated  cell.  Similar  complexing  is  especially 
dangerous  during  cell  division  when  a  break  at  the  site  of  the 
blocked  base  can  occur  in  the  cong>lementarily  synthesizing  DNA 
which  probably  leads  to  chromosome  fractures  or  death  of  the  cell 
during  subsequent  mitoses. 

The  different  radiosensitivities  of  different  types  of  tis¬ 
sues  and  cells  will  be  determined  by  conditions  which  favor  or 
which  prevent  the  accumulation  of  RT  (quinones)  in  cells  and 
their  interaction  with  structures  of  the  cell  nucleus.  Polyploids 
will  require  2-3  times  greater  accumulation  of  quinones  for  inac¬ 
tivation  of  the  2-3  times  greater  amount  of  nucleoproteins  of  the 
polyploid  nuclei. 

Albinos  (white  lines  of  mice)  are  more  radiosensitive  than 
black  mice  [24],  since  enzyme  systems  are  developed  in  the  latter 
which  quickly  condense  quinones  into  inert  melanlnes  thereby  de¬ 
creasing  the  concentration  of  the  toxic  quinones. 

In  a  comparison  of  related  plants  with  different  radlosen- 
sitlvitles  it  was  shown  [25]  that  from  irradiation  phenol -oxidiz¬ 
ing  systems  (polyphenoloxldase  and  peroxidase)  are  more  easily  ac¬ 
tivated  in  the  more  radiosensitive  plants  than  in  the  more  radio¬ 
resistant. 

The  absenoe  of  oxygen  at  the  moment  of  Irradiation  sharply 
retards  the  radiation-chenu. cal  production  of  quinones  which  acti¬ 
vate  enzyme  systems  in  the  irradiated  tissues  which  clearly  makes 
its  contribution  to  the  mechanism  of  the  manifestation  of  the  uni¬ 
versal  "oxygen  effect." 

RT  production  processes  play  an  Important  role  in  the  mani¬ 
festation  of  the  post -radiation  recovery  effect.  The  location  of 
irradiated  cells  under  conditions  which  prevent  growth  and  divi¬ 
sion,  but  which  provide  for  the  oourae  of  normal  metabolic  reac¬ 
tions  considerably  decreases  the  possibility  of  the  manifestation 
of  the  radiation  effect  (see  [26-28]  and  others).  These  facts 
sharply  oontradlcted  the  theory  of  a  direct  hit  on  structures  res¬ 
ponsible  for  the  manifestation  of  the  observed  radiation  effect. 

An  additional  hypothesis  concerning  the  presence  of  "hidden"  ra¬ 
diation  injuries  which*  depending  on  metabolic  processes  in  the 
post-radiation  period*  can  either  be  manifested  or  disappear. 

Since  the  reoovery  process  takes  a  long  tins  [for  example,  for., 
metabolising  yeasts  it  progresses  over  the  course  of  2-3  days  [293* 
and  for  dry  seeds  it  requires  many  months  (see  this  collection* 
page  96)],  no  real  notion  of  the  nature  of  the  hidden  injuries 
which  are  able  to  exist  for  such  a  long  time  in  a  metabolising 
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system  in  the  presence  of  oxygen  was  suggested. 

It  seems  to  us  that  the  problem  of  post -radiation  recovery 
acquires  a  different  explanation  in  the  light  of  oui  data  on  the 
formation  and  role  of  RT  (for  example,  orthoquinones)  in  radia¬ 
tion  lesion.  The  radiation  effect  increase  in  proportion  to  the 
flow  of  the  enzymatic  reactions  of  RT  formation,  the  increase  in 
its  concentration,  diffusion  to  nuclear  structures  and  interaction 
with  the  latter.  If  the  cells  are  kept  without  nutrient  media  in 
the  post-radiation  period  (a  deficiency  of  precursors  for  enzymatic 
RT  production,  for  example,  tyrosine  for  quinone  production)  in  a 
large  volume  of  water  (which  promotes  washing  out  of  the  RT  from 
the  cells)  and  in  the  presence  of  oxygen  (which  intensifies  ac¬ 
tive  excretion  of  RT  through  the  cell  membranes  with  the  consump¬ 
tion  of  macroergs),  the  RT  concentration  inside  an  irradiated  cell 
will  be  considerably  less,  the  contribution  of  the  RT  to  the  mani¬ 
festation  of  the  radiation  effect  will  be  absent  and  a  considerably 
smaller  effect  will  be  recorded  than  under  condition  favoring  pro¬ 
duction  and  activity  of  RT.  This  can  be  represented  in  the  form  of 
a  diagram  (Pig.  4). 

The  following  experimental  facts  speak  for  the  correctness  of 
the  hypothesis  concerning  the  significance  of  the  decrease  in  RT 
concentration  in  the  post-radiation  decrease  in  the  manifestation 
of  the  radiation  effect: 

1.  A  specific  dilution  of  cells  is  required  for  a  decrease  in 
post-radiation  lesion:  the  greater  the  dilution  the  stronger  the 
effect.  In  concentrated  suspensions  the  radiation  effect  does  not 
decrease.  Dilution  favors  the  escape  of  RT  from  the  cells. 

2,  It  has  been  established  experimentally  by  the  method  of 
electron  polarography  (see  this  collection,  page  2b)  that  when  ir¬ 
radiated  yeasts  are  kept  in  water  for  the  first  and  second  days, 

?uinones  are  energetically  excreted  into  the  external  environment 
y.  *  0.35  v).  The  excretion  proceeds  striotly  exponentially.  The 
decrease  in  the  radiation  effect  in  yeasts  also  proceeds  exponen¬ 
tially  C291. 

3.  Oxidative  reactions  which  produo*  energy  are  required  for 
active  RT  excretion;  the  post-radiation  decrease  in  the  radiation 
effect  takes  place  better  in  an  atmosphere  of  air  than  In  a  nitro¬ 
gen  atmosphere  [27,  28). 

A.  Intensive  washing  of  irradiated  seeds  which  promotes  wash¬ 
ing  out  of  RT  decreases  the  radiation  affect  (Inhibition  of  growth 
and  germination  and  number  of  chromosomal  aberrations)  (see  this 
collection,  page  102). 

The  hypothesis  concerning  the  important  role  of  RT  (o-quinonss, 
peroxides  and  epoxides)  in  the  mutagenic  effect  of  radiation  makes 
it  possible  to  explain  from  a  single  viewpoint  a  number  of  biologi¬ 
cal  processes,  o-quinones  ere  constantly  formsd  in  calls.  Their 
amount  is  small  because  of  the  low  rate  of  production  and  the  exis¬ 
tence  of  bloebemloal  processes  which  neutralise  these  very  active 
subataneee  (by  means  of  furthsr  oxidation,  condensation  into  mela- 
nlnes,  binding  with  proteins  and  excrstlon  from  the  call). 
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Fig.  4.  Diagrams  of  possible  mechanisms  of 
post-radiation  recovery,  a)  Hidden  injury 
theory;  b)  radiotoxin  theory. 


Normally  these  processes  are  In  equilibrium  (the  o-qulnone 
.  concentration  la  low).  The  probability  of  Interaction  with  DNA  of 
the  nucleus  la  Infinitesimally  small,  but  in  rare  cases  Is  not  ex¬ 
cluded.  Natural  mutability  (as  is  known,  very  low)  may  be  the  re¬ 
sult  of  this  probability. 

As  we  have  shown  [30],  very  low  o-qulnone  concentrations  stimu¬ 
late  cells  to  divide,  while  high  concentrations  Inhibit.  Their  level 
in  the  liver  Is  sufficient  for  such  inhibition  and  the  cells  do  not 
divide.  In  the  case  of  hepatoeotomy  conditions  are  created  which 
are  favorable  for  a  decrease  In  their  level  and  Intensive  division 
begins.  During  irradiation  ensymes  are  activated  which  oxidise 
phenols  to  ©-quinones .  It  is  possible  that  systems  which  free  the 
cell  from  these  substances  are  inhibited  (see  this  collection, 
page  18).  As  a  result  the  level  of  the  quinones  increases  shelly  > 
This  leads  to  inhibition  of  division  and  great  damage  to  MIA  which 
la  manifested  in  an  increase  in  the  nusber  of  chromosomal  aberra¬ 
tions  and  an  lnorease  in  mutation.  Prom  this  point  of  view,  natural 
miration,  mutation  from  the  affect  of  Ionising  radiation  and  from 
the  action  of  chemical  mutagens  is  a  single  process  having  the  same 
..  mechanism*  \ 

No  mutagenic  effect  of  quinones  and  peroxides  has  been  noted 
in  the  literature  (see  this  collection,  page  102,  and  (24,  31). 

The  eet  of  mutants  which  develop  can,  as  la  known,  vary  from 
the  use  of  chemical  mutagens  of  different  types.  Radiotoxins  (for 
example,  ©-quinones )  will  be  one  of  the  possible  chemical  mutagens. 

In  studying  the  mechanism  of  the  protective  effect  of  sulfhy- 
dryl  protectors,  Bacq  (32)  found  that  at  the  moment  of  the  greatest 
protective  effect  (10  min  after  injection)  the  mitochondrial  struc¬ 
tures  in  the  cells  of  the  tissue*  are  sharply  changed.  Consequent¬ 
ly,  the  protection  is  connected  with  inhibition  of  eneymatlc  oxida- 
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tlon  processes  at  the  time  of  irradiation  which  must  lead  to  less 
production  of  RT  of  the  quinone,  peroxide  and  epoxide  type  than, 
perhaps,  is  explained  by  the  protection  mechanism. 

The  RT  theory  recommends  new  methods  of  post -radiation  pro¬ 
tection,  namely,  as  complete  as  possible  washing  out  of  the  RT 
from  the  organism  and  the  introduction  into  the  organism  of  sub¬ 
stances  which  actively  bind  RT. 

All  the  new  observations  and  considerations  presented  above, 
it  seems  to  us,  speak  convincingly  of  the  important  role  of  RT 
production,  and  first  and  foremost,  of  o-qulnor.es  in  the  develop¬ 
ment  and  manifestation  of  many  radiation  effects.  An  immediate, 
direct  effect  of  ionizing  particles  on  unique  structures  of  the 
cell  during  its  irradiation  (DNA  molecules  and  chromosomes)  cer¬ 
tainly  occurs  and  in  the  light  of  numerous  data  of  radiation  chem¬ 
istry  and  molecular  biology  can  lead  to  the  appearance  or  localiz¬ 
ed  mutations,  chromosome  breaks  and  death  of  the  cell  during  mito¬ 
sis,  However,  in  the  light  of  the  RT  theory  all  these  phenomena  can 
also  develop  through  the  secondary  action  of  RT. 

On  the  other  hand,  RT  clearly  occupy  a  leading  role  in  the 
interphase  death  of  cells  which  plays  an  important  role  in  radia¬ 
tion  injury  of  an  organism,  in  inhibition  of  growth  and  develop¬ 
ment  and  in  the  appearance  of  a  number  of  symptoms  of  radiation 
sickness. 

An  understanding  of  this  role  is  quite  necessary  for  proper 
treatment  of  radiation  sickness,  for  a  successful  search  for  new 
prophylactic  and  post-radiation  protective  remedie8  and  measures 
and  for  further  de /eloproent  of  methods  of  radiation  therapy  of 
malignant  neoplasms. 
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MECHANISM  OF  FORMATION  AND  IDENTIFICATION  OF  TOXIC  SUBSTANCES  OF 
QUINOID  NATURE  FORMING  IN  AN  IRRADIATED  ORGANISM 

V.A.  Kopylov 

(Institute  of  Biophy sics  USSR  Aoademy  of  Sciences ) 


While  the  question  of  the  formation  of  toxic  substances  in 
an  irradiated  organism  is  sufficiently  clear  at  the  present  time, 
their  nature  has  still  been  insufficiently  studied. 

The  first  assumptions  about  the  nature  of  the  toxic  substances 
were  expressed  in  1912  by  Werner  [1],  In  observing  the  formation  of 
choline  from  irradiation  of  lecithin  with  large  doses,  he  suggested 
the  possibility  of  choline  formation  from  irradiation  of  the  animal 
organism.  And  in  fact,  it  was  shown  considerably  later  [2]  that  cho¬ 
line  is  formed  in  an  irradiated  organism.  When  choline  was  injected 
t  into  animals,  a  number  of  symptoms  characteristic  of  radiation  le¬ 
sion  was  noted.  Caspar!  [33  believed  that  the  toxic  substances  might 
be  eell-decompOsition  products,  which  he  called  necrohormones.  Of 
the  substances  which  may  play  a  specific  role  in  the  etiology  of  the 
radiation  syndrome,  imidazone  derivatives,  which  Menkin  [4]  found  i ,, 
an  irradiated  organism,  are  of  interest.  Lewis  [5]  expressed  the  hy¬ 
pothesis  that  the  toxic  substance  formed  in  an  irradiated  organism 
may  be  histamine.  This  hypothesis  became  known,  as  the  "histamine 
theory”  after  the  work  of  Ellinger  [6],  Krichevskaya  [73  expanded 
the  notion  of  histamine's  role  in  the  development  of  radiation  sick¬ 
ness  and  expressed  a  number  of  new  hypotheses. 

In  1963,  Mano  [83reported  isolating  in  crystalline  form  from 
the  serum  of  irradiated  rats  the  substance  CeHi5N20j,  which  at  a 
dilution  ox'  1:3000  caused  leucopenin.  In  recent  years  in  the  labora¬ 
tory  of  B.N.  Tarusovy  Yu.B,  Kudryashov  and  colleagues  have  been  in¬ 
tensively  studying  the  nature  of  a  toxic  substance  which  they  isolat¬ 
ed,  now  conditionally  called  "cytotoxic  factor”  [9,  103.  Budnitskaya 
[113  believes  that  some  of  the  toxic  substances  formed  in  en  irra¬ 
diated  plant  may  be  unsaturated  higher  fatty  acids.  The 
question  of  the  formation  of  organic  peroxides  in  the  irradiated 
organism  was  introduced  by  Horgan  and  Philpot  [12 3 j  however,  there 
is  still  no  clear  proof  of  this  in  spite  of  the  large  number  of 
studies  which  have  been  carried  out.  A.M.  Kuzin,  based  on  the  struc¬ 
tural-metabolic  theory  which  he  developed,  ascribes  a  major  role  in 
the  development  of  radiation  lesion  to  toxic  substances  formed  in 
the  irradiated  organism  and  suggests  that  o-quinones  in  semiqutnone 
form  are  one  of  the  primary  toxic  compounds  [13,  143. 
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This  is  a  far  from  complete  list  of  those  toxic  substances 
which  are  formed  in  an  irradiated  organism.  However,  these  data 
are  sufficient  to  suggest  that  irradiation  causes  the  formation 
of  a  whole  serlea  of  toxic  substances,  the  combination  of  which 
can  create  the  qualitative  peculiarity  of  ionizing  radiation’s 
specific  effect  on  the  organism.  Therefore,  the  notion,’  which 
has  existed  for  a  long  time,  of  the  toxic  substance  radiotoxin 
(RT)  as  some  unique  compound  which  is  capable  by  its  presence  of 
causing  all  the  symptoms  of  radiation  sickness,  seems  incorrect 
to  us.  The  idea  of  a  unique  RT  was  engendered  when  thei'e  were 
still  no  clear  notions  of  the  nature  of  primary  disturbances  as 
a  result  of  the  effect  of  ionizing  radiation  and  of  those  bio¬ 
chemical  changes  which  occur  in  this  case. 

The  question  of  which  toxic  substances  arj  formed  directly 
as  a  result  of  irradiation  (primary  RT)  and  which  are  the  result 
of  previously  formed  toxic  substances  is  appropriate  at  the  level 
of  present-day  knowledge.  It  is  important  to  establish  which  meta¬ 
bolic  links  are  disturbed  from  the  effect  ox  ont  or  another  toxic 
substance  and  to  Isolate  those  which,  in  acting  on  the  ceil  nucleus 
cause  such  characteristic  symptoms  of  the  radiation  reaction  as 
cessation  of  cell  division,  growth  inhibition,  leucopenia,  suppres¬ 
sion  of  DNA  synthesis,  development  of  chromosome  fractures,  etc. 

The  experiments  of  A.M,  Kuzin  and  L.-l.  Kryukova  have  played 
a  major  role  in  the  investigation  of  such  RT.  Prom  irradiating  a 
leaf  of  the  Vioia  faba  plant  with  complete  screening  of  all  of  the 
rest  of  the  plant,  the  authors  noted  inhibition  of  mitotic  divi¬ 
sion  at  the  growth  points,  and  removal  of  the  irradiated  leaf  in 
the  4  hours  immediately  after  irradiation  led  to  elimination  of 
the  noted  effect  [15].  It  turned  out  that  substances  which  are 
formed  in  an  irradiated  leaf  are  easily  extracted  and  if  plant 
seeds  are  moistened  in  such  extracts,  inhibition  of  mitotic  divi¬ 
sion  is  also  noted  [16],  It  was  established  that  along  with  inhi¬ 
bition  of  mitotic  division,  a  disturbance  in  the  chromosome  appara¬ 
tus  occurs  [17]. 

After  the  introduction  of  such  extracts  into  animals  there 
occurs  a  drop  in  weight  with  subsequent  inhibition  of  growth  (see 
[18]  and  this  collection,  page  90),  a  shrrp  decrease  in  the  number 
of  leucocytes  in  the  first  hours  after  injeos;ion  (see  page  90)  and 
a  change  in  the  weight  of  some  organs,  as  is  found  in  radiation 
sickness.  The  fact  that,  as  Kryukova,  et  al,  p9]  showed,  these 
extraots  selectively  act  more  actively  on  maligiant  tumor  tissues 
was  also  interesting.  The  fact  that  extracts  obtained  from  irrad¬ 
iated  plants  contain  1,5-2  times  more  o-dioxyphenols  than  extracts 
from  nonirradiated  plants  draws  attention. 

It  is  known  that  a  whole  series  of  phenols  have  an  expressed 
toxic  effect.  Some  phenols  at  concentrations  of  I'IO^-1'IO-1  N 
inhibit  mitotic  division,  disturb  the  ohromosome  apparatus  and 
have  an  effect  on  a  whole  series  of  enzyme  systems  [20,  21],  The 
toxic  properties  of  the  phenols  are  determined  by  their  structure, 
the  arrangement  of  the  hydroxyl  groups  and  the  nature  of  the  sub¬ 
stituent.  One  important  property,  from  our  point  of  view,  is  that 
the  toxicity  of  the  phenols  is  determined  by  their  capacity  for 
the  formation  of  free  radical  forms  [22]. 


Kuzin,  et  al,  [23]  showed  that  in  potato  tubers  irradiated 
with  a  dose  of  15  curies,  the  amount  of  such  ©-phenols  as  chloro- 
genic  and  caffeic  acids  increases  considerably.  In  joint  work  with 
T.V.  Volkova,  we  noted  an  increase  in  3»4-dioxyphenylalanine  in 
Vloia  faba  leaves.  Chlorogenic  and  caffeic  acids  can  have  an  ef¬ 
fect  on  a  whole  series  of  metabolic  links  and  on  growth  processes. 
However,  as  Sokolova  showed  [24],  for  the  development  of  the  toxi¬ 
city  of  chlorogenic  acid,  concentrations  far  exceeding  the  limits 
of  the  physiological  norms  are  needed,  whereas  in  the  irradiation 
of  potato  tubers  the  concentration  of  chlorogenic  acid  increases  on¬ 
ly  by  70-80*. 

Consequently,  the  toxic  effect  which  is  noted  in  extracts  of 
irradiated  plants  is  connected  not  only  with  substances  of  phenolic 
nature,  but  also  with  some  other  substances.  The  assumption  that 
these  can  be  substances  of  peroxide  nature  (for  example,  lipid  pero¬ 
xides)  is  unlikely  since  the  separation  method  which  was  used  exclud¬ 
ed  their  presence  in  large  amounts.  But  even  if  it  is  assumed  that 
part  of  them  is  extracted,  the  concentration  of  these  substances 
will  clearly  be  so  insignificant  that  it  is  difficult  to  expect  any 
effect. 

An  examination  of  the  toxicity  of  solutions  of  hydrogen  pero¬ 
xide  on  plant  seeds  (on  which  the  toxicity  of  extracts  obtained 
from  irradiated  plants  was  determined)  showed  that  only  a  concen¬ 
tration  of  10”2  M  indisputably  inhibits  germination  of  the  seeds, 
whereas  a  concentration  of  10“ s  M  hardly  inhibited  growth.  Siegal 
[25],  in  studying  the  toxicity  of  some  peroxides,  showed  that  lino- 
leic  acid  in  a  concentration  of  a^lO-11  M  when  oxidized  with  lipo- 
xidase  for  20  hours  inhibits  seed  germination  in  comparison  with 
linoleic  acid  only  by  12*. 

In  order  to  determine  the  nature  of  the  toxic  substances  formed 
in  irradiated  plants,  potato  tubers  of  the  ”Lorkh"  variety  were  ir¬ 
radiated  in  a  GUPOS-2  cesium  apparatus  with  y-rays  at  a  dose  rate 
of  700  r/min  in  a  dose  of  15  curies.  Twenty-four  hours  after  irradia¬ 
tion  the  potato  tubers  (control  and  experimental)  were  chilled  to  0° 
to  prevent  oxidative  processes  during  separation.  The  surface  layer 
(3-4  mm  in  thickness)  was  removed  and  the  middle  part  was  homogenized 
in  96*  ethyl  alcohol  chilled  to  -20°.  The  extraction  lasted  6 0  min¬ 
utes  with  mechanical  stirring.  After  precipitation  of  the  stroma 
with  alcohol  the  extract  was  concentrated  under  vacuum  at  28-30°. 

The  sediment  which  forms  as  a  result  of  the  concentration  was  re¬ 
moved  and  the  clear  light  yellow  solution  was  acidified  with  hydro¬ 
chloric  acid  to  pH  2.0  and  extracted  with  ethyl  acetate.  The  ethyl 
acetate  layer  obtained  (to  which,  according  to  the  data  in  the 
literature,  the  quinones  must  have  moved)  was  applied  to  a  paper 
chromatogram  (20  x  20  cm)  and  fractionated  in  two  solvents,  name¬ 
ly,  in  2*  acetic  and  in  a  benzene-acetic  acid-water  mixture  (in  & 
ratio  of  2:4:1) .  The  results  of  the  chromatographic  separation  are 
shown  in  Fig.  1. 

In  examining  the  chromatograms  in  ultraviolet  light,  several 
fluoresoing  spots  (1-5)  are  found  and  a  substance  X  is  contained 
in  the  irradiated  tubes  in  contrast  to  the  control.  Substance  X 
fluoresces  with  a  blue  light  which  in  a  few  seconds  changes  to 
dark  blue,  and  it  also  gives  a  positive  reaction  with  aniline 
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reagent  which  indicates  the  quinoid  nature  of  this  substance.  A 
special  reagent  for  quinones,  consisting  of  sulfuric  acid,  zinc 
powder  and  a  basic  thiazone  dye  also  gave  a  positive  reaction  [26]. 
Kuzin  and  Norbayev  [27]  found  by  polarography  that  water  extracts 
of  irradiated  potato  tubers  give  a  half-wave  at  -0.35  v  typical  of 
quinones.  Spots  1  and  2  give  a  positive  reaction  for  e-dioxyphenols 
(Arnow  reaction)  [28], 

Quinones  are  very  reactive  compounds.  They  can  be  compared  with 
a,  8-unsaturated  ketones,  but  they  are  considerably  more  active. 

The  high  reaction  capacity  of  the  quinones  is  connected  with  the 
nature  of  their  structure  which  is  characterized  by  relatively 
little  additional  stabilization  through  resonan;  .  energy.  Quinones 
are  compounds  which  are  widely  distributed  in  nature,  whose  great 
significance  in  biochemical  processes  is  becoming  more  and  more 
evident.  However,  this  pertains  primarily  to  the  p-quinones;  it  is 
usually  not  possible  to  isolate  o-qu.!nones  from  normally  metaboliz¬ 
ing  cells,  o-quinones  have  higher  potentials  than  the  corresponding 
p-quinones.  o-quinones  are  actually  the  strongest  oxidizers  of  all 
natural  organic  confounds.  In  connection  with  this,  it  was  impor¬ 
tant  to  establish  to  which  quinone  series  the  quinones  found  in 
the  irradiated  samples  belong.  For  this  purpose,  1*10~*  M  ascoraic: 
acid  was  added  to  the  test  solution,  which,  as  is  known,  quantlta- 
tivlly  reduces  quinones  to  the  corresponding  phenols.  After  separa¬ 
tion  on  a  two-dimensional  paper  chromatogram  under  the  same  condi¬ 
tions  as  described  above,  the  chromatograms  shown  In  Fig.  2  were 
obtained. 

As  seen  from  Fig.  2,  the  spot  (see  X  in  Fig.  1)  belonging  to 
quinone  disappeared,  whereas  the  intensity  of  Spots  1  and  2  increased 
sharply.  As  was  shown  above,  Spots  1  and  2  contain  substances  of  a 
phenolic  nature  with  ortho- located  hydroxyl  groups.  Hence  it  fol¬ 
lows  that  the  addition  of  ascorbic  acid  to  the  test  solution-"  leads 
to  the  formation  of  o-dioxyphenols,  which  speaks  of  the  ortfcoposi- 
tion  of  the  carbonyls  in  substance  X,  Substance  X  was  eluted  from 
the  chromatograms  with  alcohol  and  the  absorption  spectrum  in  the 
ultraviolet  region  was  recorded  on  a  self-recording  spectrophoto¬ 
meter.  The  absorption  spectrum  of  substance  X  in  the  ultraviolet 
region  is  given  in  Fig.  3. 
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Fig.  1.  Chromatogram  of  ethyl  acetate  fraction  separated  from 
nonirradlated  and  irradiated  (in  a  dose  of  15  curies)  potato  tubers 
(middle  part),  a)  Control;  b)  after  irradiation.  Along  ordinate  - 
mixture  of  bensene,  acetlo  acid  and  water  (2:A:l);  along  abscissa  - 
2 %  acetic  acid.  Numbers  1-5  -  number  of  spots. 
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Pig.  2.  Same  as  in  Pig.  1,  but  with  the 
addition  of  ascorbic  acid  in  a  concentra¬ 
tion  of  1»10“*  M. 
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Pig.  3*  Spectrum  of  substance  X  in  ultraviolet  region,  taken  on  a 
self-recording  spectrophotometer.  Unbroken  curve  -  substance  X\ 
broken  curve  -  chlorogenlc  acid. 


As  follows  from  the  curves  obtained,  substance  X  has  two  clear 
maxima  -  at  255  and  322-324  my.  The  absorption  spectrum  of  chloro- 
genic  acid  was  taken  for  comparison.  In  the  long  wave  region  sub¬ 
stance  X  has  a  spectrum  characteristic  of  cinnamic  acid  derivatives, 
in  the  short  wave  region  (250-255  my),  it  is  closer  to  substances 
of  quinoid  nature.  Thus,  extracts  of  irradiated  plants  which  have 
toxio  properties  oontaln  o-quinones  in  addition  to  phenols. 

An  increase  in  qulnones  after  irradiation  occurs  not  only  in 
plants  where,  as  is  known,  there  is  a  large  number  of  substances 
of  phenolic  nature,  but  also  in  animal  organisms.  The  results  have 
been  published  earlier  £293*  here  we  should  only  like  to  eng>hasize 
that  later  analogous  data  were  obtained  by  Plyshevskaya  et  al.  (see 
this  collection,  pages  37  and  60)  and  Ivanitska  and  Kusin  £30] .  One 
of  the  possible  reasons  for  the  appearance  of  o -qulnones  in  an  ir¬ 
radiated  organism  may  be  a  disturbance  in  the  linkage  of  enzyme 
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systems  responsible  for  the  oxidation  of  polyphenols.  Earlier  it 
was  believed  that  polyphenoloxidase  is  radioresistant.  Thus,  ac¬ 
cording  to  Sussman's  data  [31]  a  dose  of  300  curies  Is  insuffi¬ 
cient  to  inactivate  this  enzyme.  However*  in  1958  Schwimmer  [32],  in 
1959  Rubin  and  Mikheyev  [33]  and  in  I960  Kuzin  and  Kopylov. [35]  re¬ 
ported  that  after  irradiating  plants  with  a  dose  of  10-15  curies,  a. 
disturbance  in  the  activity  of  polyphenoloxidase  occurs.  The  princi¬ 
pal  path  of  the  oxidation  of  polyphenols  by  polyphenoloxidase  has 
been  suggested  by  Dawson  [353  and  consists  in  the  following: 


As  seen  from  this  diagram,  for  oxidation  of  pyrocateehol  by 
polyphenoloxidase  the  participation  of  the  enzyme  is  necessary  on¬ 
ly  in  the  first  stage,  that  is,  the  oxidation  of  pyrocateehol  to 
o-benzoqulnone.  If  ascorbic  acid  is  added  to  the  reaction  medium, 
the  whole  further  process  of  oxidation,  according  to  this  scheme, 
must  be  interrupted.  It  is  possible  to  judge  the  rate  of  the  enzy¬ 
matic  process  at  this  stags  of  oxidation  from  the  amount  of  ascorbic 
acid  which  went  into  the  reduction  of  qulnone.  To  determine  the  poly 
phenoloxldase  activity  one  can  use  Povolotska  and  Bedenko's  method 
[36],  based  on  this  principle.  The  results  of  measurements  made  by 
this  method  of  the  activity  of  polyphenoloxidase  isolated  2!  hours 
after  irradiation  of  potato  tubers  in  a  dose  of  15  curies  are  given 
in  the  table. 

It  is  seen  from  these  data  that  the  polyphenoloxidase  activity 
at  the  given  stage  Of  oxidation  Is  not  disturbed  during  Irradiation. 
We  have  developed  another  method  of  determining  polyphenoloxidase 
activity  which  consists  of  recording  the  reaction  at  the  stags  Of 
the  formation  of  the  penultimate  reaction  produot  -  oxyqulnone. 

Among  the  products  of  the  ensymatlc  oxidation  of  pyrocateehol 
only  oxyqulnone  has  an  absorption  maximum  at  255  mu  [37 J*  By  measur¬ 
ing  its  amount  on  speolal  ultraviolet  equipment  capable  of  absorbing 
only  in  the  region  of  255  my,  it  is  possible  to  determine  the  rate 
of  the  ensymatlc  process. 
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Fig.  4*  Rate  of  polyphenoloxidase  reactloh  determined  from  absorp¬ 
tion  at  255  mu.  Reaction  oonditions;  pH  6.8:  r  «  27  ±  0.1°;  phos¬ 
phate  buffer;  pyrocatechol  substrate  (1«1Q'*  M) .  1)  Normal;  2)  Ir¬ 
radiation. 


The  kinetics  of  the  ensymatic  process  were  continuously  reoorded 
on  a  type  BPP-92  potentiometer.  The  average  results  of  three  ex¬ 
periments  are  presented  in  fig.  4.  The  initial  pyrocatechol  con¬ 
centration  was  !• 10*  *  M;  on  acetone  preparation  of  the  ensyne  iso¬ 
lated  from  irradiated  and  nonirradiated  tubers  was  taken  in  an 
amount  >f  5*8  mg  of  protein  In  1  ml  both  in  the  ccntrol  and  in  the 
experiment  (?*  hours  after  irradiation  of  potato  tubers  in  a  dose 
of  15  ourles). 

As  seen  from  Fig.  4,  the  activity  of  polyphenoloxidase  Isolated 
24  hours  after  irradiatlonprovedto  be  more  than  2  times  higher 
than  in  tne  control ,  with  the  selected  method  of  determination. 
Consequently ,  while  In  the  first  stage  of  oxidation  (see  data  in 
table )  it  i  result  of  irradiation  a  disturbance  in  ensyme  activity 
doe*  not  occur 9  in  subsequent  steges  a  sharp  increase  in  the  amount 
of  oxpquinonea  is  noted. 

According  to  the  scheme  suggested  by  Dawson  [153,  oxidation  .pit-- 
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pyroeatechol  after  the  formation  of  o-quinones  occurs  without  en¬ 
zyme  participation.  However,  if  it  is  assumed  that  oxidation  of 
pyroeatechol  by  polyphenoloxidase  is  carried  out  by  the  enzyme  not 
only  in  the  first  stage  of  oxidation,  but,  possibly  (by  analogy 
with  the  oxidation  of  dioxyphenylalanlne  by  tyrosinase,  according 
to  Reper  and  Masson)  also  at  other  stages,  it  is  easy  to  understand 
the  results  obtained  in  this  work.  As  a  result  of  irradiation  Inhi¬ 
bition  of  one  of  the  enzymes  of  the  polyphenoloxidase  con^lex  which 
oxidizes  oxyqulnones  occurs;  as  a  result  they  are  accumulated  as  in¬ 
termediate  products  which  normally  are  oxidized  further  thanks  to 
the  orderliness  of  this  entire  scheme. 

This  can  be  compared  with  the  specific  effect  of  a  poison  on 
a  polyenzyme  system,  where  normally  it  is  not  possible  to  Isolate 
Intermediate  products  of  the  reaction,  while  from  the  action  of  the 
poison  on  one  of  the  enzymes  accumulation  of  intermediate  compounds 
sufficient  for  quantitative  determination  occurs. 

Consequently,  the  noted  Increase  in  oxyqulnones  in  irradiated 
samples  rather  is  the  result  of  the  inhibition  of  one  of  the  enzymes 
of  the  polyphenoloxidase  complex  than  activation  of  another. 

The  data  obtained  by  Anbar  [38]  are  interesting  in  this  con¬ 
nection.  He  notes  that  molecules  carrying  a  copper  Ion  have  an  ad¬ 
vantage  in  radlolytlc  separation  over  the  other  organic  compounds 
dissolved  in  the  system.  This  effect  increases  with  an  increase  in 
oxygen  concentration.  Many  enzymes  of  the  polyphenoloxidase  complex 
contain  copper,  which  perhaps  causes  the  Observed  inactivation. 

Thus,  the  toxicity  of  extracts  obtained  from  Irradiated  plants 
cars  be  connected  with  the  accumulation  of  o-quinones  which,  as  is 
known,  possess  the  clearly  expressed  ability  to  inhibit  cell  divi¬ 
sion  and  to  cause  chromosomal  aberrations  [39,  40]. 

Clearly,  the  toxicity  of  the  o-phenols  is  also  determined  by 
their  ability  to  be  easily  oxidised  to  Quinones  In  the  organism. 

As  Reed  showed  [41],  quinones  accumulated  from  the  oxidation  of 
o-dloxyphenols  by  polyphenoloxidase  inhibit  mltotlo  division  at  the 
prophase  stage.  The  addition  of  cysteine  removes  this  effect  *  The 
formation  of  quinones  in  an  Irradiated  organism  possibly  Is  the  re¬ 
sult  of  a  disturbance  in  the  activity  not  only  Of  polyphenoloxidase, 
but  also  of  peroxidase.  The  activity  of  the  latter  Increases  consider¬ 
ably  in  irradiated  organisms.  Shifting  of  the  pH  to  the  alkaline 
side  in  Irradiated  plants  and  animals  is  one  of  the  possible  causes 
of  the  auto-oxidation  of  polyphenols  to  quinones.  It  is  Interesting 
that  the  products  of  the  auto-oxidation  of  polyphenols  are  consider¬ 
ably  more  toxic  than  the  products  of  enzymatic  oxidation.  For  exam¬ 
ple,  if  the  toxicity  of  chlorogenic  acid  is  taken  as  one#  the  pro¬ 
ducts  of  its  enzymatic  oxidation  will  be  three  times  more  toxic,  and 
the  products  of  auic-oxidatlon  -  10  times  [42].  It  is  also  necessary 
to  take  into  account  that  during  irradiation  the  radiation-chemical 
oxidation  of  o-phsnola  to  qulnonea  will  also  occur.  The  quinones 
which  are  produced  in  catalytic  amounts  can  have  an  effect  on  the 
activity  of  individual  ensymss  of  the  polyphenoloxidase  complex, 
which  will  lead  to  subsequent,  post -radlat ion  enzymatic  accumula¬ 
tion  of  quinones. 
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QUANTITATIVE  PRINCIPLES  OF  THE  APPEARANCE  OF  QUINONES  IN  IRRADIATED 

PLANT  TISSUES  AND  YEAST  CELLS 

N.  Norbayev  and  A.N.  Kuzin 
( Institute  of  Biophysics  USSR  Academy  of  Sciences) 


In  order  to  understand  the  possible  role  of  quinones  which  ap¬ 
pear  in  irradiated  tissue  and  cells  [1-6],  it  is  necessary  to  know 
the  quantitative  principles  of  their  formation  in  relation  tc  dose , 
time  after  irradiation  and  dose  rate  of  the  irradiation.  The  method 
of  electron  p' ’ orography  was  used  for  this  purpose:  the  height  of 
the  polarographic  wave  was  measure  *  at  E,  »  -0.35  v  in  equipment 
of  the  PA-2  type.  _  -  * 

It  was  shown  earlier  [6]  that  after  irradiation  of  potato  tu¬ 
bers  the  amount  of  quinones  increases  strictly  exponentially  in  re¬ 
lation  to  the  dose.  The  increase  in  the  amount  of  quinones  continue „ 
for  3  days  after  irradiation  (in  an  irradiated  tuber  at  room  tempera¬ 
ture)  and  the  curve  of  this  Increase  corresponds  tc  the  curve  of  the 
formation  of  a  product  of  a  reversible  first  order  reaction. 

It  seemed  of  interest  to  follow  the  regularity  of  the  Increase 
in  amount  of  quinones  under  the  more  complex  conditions  of  active¬ 
ly  r-  tabolizing  tissue.  For  this  purpose  the  formation  of  quinones 
and  their  excretion  through  the  roots  of  irradiated  corn  germinants 
was  Investigated. 

Seven -day  corn  germinants  (of  the  "Sterling"  variety)  were  ir¬ 
radiated  in  a  GUPOS-2  cesium  apparatus  with  y-rays  with  a  dose  rate 
of  700  r/min  in  increasing  doses.  15  minutes,  6,  24,  48  and  72  hours 
“\after  irradiation,  7  g  of  tissue  was  taken,  pulverized  with  20  ml  of 
J)6%  alcohol  and  centrifuged  at  8000  rpm.  All  procedures  were  carried 
out  at  a  temperature  of  0°C.  The  oxygen  was  displaced  from  the  solu¬ 
tion  obtained  at  thi^  temperature  by  purified  nitrogen  and  recording 
of  the  polarographic  wave  was  conducted  in  the  presence  of  a  base 
electrolyte  (phosphate  buffer,  pH  6.8)  with  an  equipment  sensitivity 
of  1.0. 

The  average  data  from  six  series  of  experiments  are  presented 
in  Fig.  1. 
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Fig.  1.  Quinone  content  of  corn  germinants  depending  on  dose  and 
tine  after  irradiation  ( Xm  is  taken  as  100.<)  ;  a,b)  Dependence  on 

dose  at  different  times  after  irradiation  (time  indicated  on  curves); 
c,d)  dependence  on  time  with  different  doses  (doses  indicated  on 
curves) . 


As  seen  from  Fig.  1,  the  amount  of  quinones  formed  in  the  ir¬ 
radiated  germinants  increases  strictly  exponentially  depending  on 
the  dose  and  time  in  the  post -radiation  period.  The  pattern  of  qui- 
none  formation  in  actively  metabolizing  tissues  of  corn  germinants 
is  close  to  the  earlier  described  patterns  of  their  formation  in 
irradiated  potato  tubers  [6], 

It  can  be  assumed  from  the  rapid  Increase  in  the  amount  of 
quinones  in  irradiated  tissue  that  in  the  case  of  the  toxic  ac¬ 
tion  of  the  quinones  the  plant  will  attempt  to  excrete  them  from 
the  tissue  through  the  root  system.  For  a  quantitative  study  of 
this  phenomenon,  40  normally  growing  corn  plants  were  selected 
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on  the  seventh  day  after  sprouting  of  the  germinants  and  irradiated 
in  the  GUPOS-2  with  y-rays  with  a  dose  rate  of  700  r/mln  in  doses  of 
2,  4,  10  and  30  curies.  After  irradiation  the  roots  of  these  germi¬ 
nants  were  placed  in  75  ml  of  distilled  water.  After  24  hours  the 
water  in  which  the  roots  were  kept  was  removed  and  concentrated  in 
a  vacuum  to  5  ml.  The  oxygen  was  driven  off  with  pure  nitrogen  and 
the  polarographic  wave  was* determined  at  S ,  ■  -0,35  v  with  an  equip¬ 
ment  sensitivity  of  0.1.  Distilled  water  was  used  in  order  to  pro¬ 
mote  escape  of  the  compounds  which  interest  us  through  the  hypo¬ 
tonic  conditions.  In  these  experiments  nonirradlated  plants  also 
excreted  in  24  hours  a  small  amount  of  substances  giving  a  polaro¬ 
graphic  wave  at  E ,  ■  -0.35  v.  The  change  in  the  excretion  of  qui- 

nones  from  the  efrect  of  irradiation  with  different  doses  (average 
data  of  six  experiments)  is  presented  in  Table  1. 

TABLE  1 

Excretion  of  Quinones  by  the  Roots  of  Corn  Germ¬ 
inants  24  Hour 8  After  Irradiation 


■Mlalin  do., 
cvln 

j 

Dtllbl  of  palarofrauh] 
war*  (mrotogo  of  oh. 
mjnww>4  to  w 

1 

?  Radiation  do*. 

|  curia. 

1 

H.lght  at  polnomli 
wav.  forotooo  of  on 
.xp.rln.ot.)  in  am 

Control 

27,0+1,4 

1  10 

56.0+4,2 

2 

.  21,0+2,9 

so 

75,0±l,2 

4 

18,0±2,5 

1 

Two  details  from  these  data  are  of  interest:  1)  at  doses  be¬ 
low  5  curies  noticeably  fewer  quinones  are  excreted  than  in  the 
control,  and  2)  with  a  further  increase  in  the  irradiation  dose 
progressive  excretion  of  the  quinones  is  observed  which  reflects 
the  pattern  of  their  accumulation  in  tissues  shown  above .  The 
amount  of  quinones  formed  in  plant  tissues  at  10  curies  in  24  hours 
is  approximately  300  times  more  than  the  quinones  excreted  in  24 
hours  by  the  same  plant. 

The  question  of  the  formation  of  quinones  in  seeds  after 
their  Irradiation  is  of  great  interest.  The  work  of  Berezina  and 
Yazykova  [7],  Fonshteyn  1.83  and  others  showed  that  removal  of  the 
embryo  from  irradiated  endosperm  and  corymb  makes  it  possible  to 
decrease  considerably  radiation  lesions  arising  in  the  embryo.  It 
is  likely  that  the  RT  which  are  formed  in  the  seed  on  entering  the 
en&ryo  play  an  Important  role  in  its  radiation  injury.  If  you  con¬ 
sider  that  quinones  appear  as  a  result  of  a  disturbance  in  oxida¬ 
tive  processes  which  take  place  particularly  intensively  in  the 
corymb  of  the  seed  during  its  germination,  it  oan  be  assumed 
that  particularly  Intensive  quinone  formation  takes  plaoe  in  the 
corymb .  In  order  to  verify  this  assumption,  corn  seeds  were  soaked 
for  24  hours,  then  irradiated  with  y-rays  in  doses  of  2,  4,  10  and 
40  curies,  Immediately  after  Irradiation  the  embryos  were  removed 
and  the  seeds  (40  specimens)  placed  in  25  ml  of  sterile  distilled 
water.  After  24  hours  in  water  the  amount  of  substances  giving  a 
polarographic  wave  at  E,  ■  —0.35  v  was  determined  at  equipment 

sensitivity  of  0.1.  Nonirradlated  seeds,  also  with  the  embryo  re¬ 
moved,  served  as  a  control.  The  results  are  presented  in  Pig.  2. 


30  - 


It  is  seen  from  these  data  that  after  irradiation  intensive 
formation  of  quinones  begins  in  the  seed  (its  endosperm  and  corymb) 

and  that  their  level,  determined  after 
_  24  hours,  increases,  depending  on  the 

dose,  itrictly  exponentially*  It  is  in- 

wt - - —  teresting  to  note  that  when  the  embryo 

ss A _ — _  is  removed  quinones  are  excreted  into 

\  *  the  external  medium  and,  consequently, 

i{f  \- _  In  a  whole  seed  they  will  go  from  the 

corymb  to  the  embryo  tissue,  causing 
fV  radiation  effects  in  the  latter. 


t  9  .  »  M  4 1 

Dot*,  curies 

Fig.  2.  Excretion  of 
quinones  by  irradiated 
corn  seeds  in  the  24 
hours  after  removal  of 
embryo  depending  on  the 
irradiation  dose. 


The  increase  in  the  amount  of  qui¬ 
nones  in  irradiated  tissue  depending 
on  the  dose  and  time  which  was  shown 
on  potato  tubers  as  well  as  on  corn 
germinants  and  seeds  stimulated  stud¬ 
ies  of  other  specimens  to  confirm  the 
universality  of  this  process . 

Diploid  wine  yeasts,  Saooharomyoee 
vinit  Isolated  from  the  vinous  material 
"Bayanshirin"  (grown  in  grape  must  of 
the  "Riesling''  variety:  saccharinlty 
16.8#,  specific  gravity  1.071,  pH  3.36, 
total  acidity  6.1)  were  used  in  the 
studies.  The  must  was  sterilized  for 
20b  minutes  at  0.5  atm  in  1  liter  Ehrlen- 
raeyer  flasks.  2  vol.  1  of  a  rejuvenated 
2-day  culture  was  added  to  200  ml  of 
the  must.  Cultivation  was  carried  out 
under  aerobic  conditions  (on  a  shaker 
at  180-200  rpm)  for  2  days  at  27-28°. 


^nAnrtinc  nn  th.  To  separate  the  cells,  the  cell 

imad-tation  dn«*f  suspension  in  the  must  was  filtered  on 

irradiation  dose .  the  second  day  and  washed  several  times 

with  sterile  distilled  water  and  suspend* 
ed  in  12  ml  of  sterile  distilled  water 
(the  concentration  of  the  suspension 
was  appr oxime. tely  83  million/ml).  The  suspension  was  irradiated  in 
cesium  equipment  with  y-rays  with  a  dose  rate  of  700  r/min  in  doses 
of  50,  100,  300  and  700  caries.  After  24  hours  of  storage  at  27°, 
the  yeasts  were  removed  by  filtration,  the  transparent  solution 
saturated  with  nitrogen  and  the  height  of  the  polarographio  waves 
was  determined  at  f,  •  -0.35  v  at  an  equipment  sensitivity  of  0.04. 
The  average  results ’obtained  from  three  series  of  experiments  are 
presented  in  Fig.  3*  As  seen  from  the  data  obtained,  qulnone  excre¬ 
tion  proceeds  according  to  an  S-shaped  curve,  whlcu  evidently  re¬ 
flects  the  nature  of  its  formation  in  irradiated  yeast  cells. 

The  dynamics  of  qulnone  excretion  in  the  time  after  irradia¬ 
tion  was  investigated  in  a  special  series  of  experiments.  In  these 
experiments  the  yeast  suspension  was  irradiated  in  a  dose  of  100 
curies  and  kept  for  24  hours  in  water.  After  this  the  cells  were 
removed  by  filtration,  washed  and  transferred  to  pure  sterile  wa¬ 
ter.  The  procedure  of  filtration,  washing  and  transfer  was  carried 


-  31  - 


out  every  day  for  5  days.  The  amount  of  quinones  excreted  on  the 
ls£,  2nd,  3rd,  4th  and  5th  days  was  determined  by  the  above-des¬ 
cribed  method.  Tne  data  obtained  are  presented  in  Pig.  4. 


Pig.  3.  Excretion  of  quinones  by  irradiated  yeast  oells  of  Saooharo - 
my see  vini  depending  on  dose  and  time  after  irradiation  ( X  taken  as 
lOOff).  a,b)  Dependence  on  dose  (24  hours  after  irradiation*:  o,d)  de 
pendence  on  time  after  irradiation  (in  a  dose  of  700  ouries);  the 
arrow  indicates  duration  of  Irradiation. 
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Fig.  4.  Excretion  of  quinones  by  irradiated 
(in  a  dose  of  100  curies)  yeast  cells  of 
Saoohavomyoee  vini , 


As  seen  from  these  experiments,  most  intensive  quinone  excretion 
occurred  on  the  1st  and  2nd  day  after  irradiation.  Then  it  fell 
sharply,  hardly  exceeding  the  control,  by  the  4th  day. 

The  Increase  in  the  quinones  which  was  found  in  the  time  af¬ 
ter  irradiation  made  the  enzymatic  nature  of  their  formation  through 
oxidation  of  phenol  likely  (see  this  collection,  page  44).  in  the 
literature,  the  hypothesis  ha*  been  stated  many  times  that  the  ac¬ 
tivation  of  the  enzymes  is  the  result  of  a  radiation-chemical  change 
in  the  physical  properties  of  intracellular  Structures  £93*  their 
breakdown  [10]  or  damage  to  subcellular  membranes  [11].  If  this  is 
correct,  then  by  increasing  the  dose  rate  of  the  irradiation,  greater 
effectiveness  of  this  initial  disturbance  of  the  elementary  struc¬ 
tures  and  thereby  Increased  quinone  formation  might  be  expected. 

To  verify  the  hypothesis,  irradiation  of  potato  tubers  with  y-rays 
of  Co*9  (at  the  Institute  of  Organic  Chemistry)  with  a  dose  rate  of 
irradiation  of  300  r/sec  was  carried  out,  at  the  same  time  as  another 
batch  of  the  tubers  was  simultaneously  irradiated  in  Co90  equipment 
(Institute  of  Biophysics)  with  a  dose  rate  of  1.6  r/sec. 

The  kinetics  of  the  quinone  formation  in  the  time  after  a  to¬ 
tal  irradiation  dose  of  20  ouries  is  presented  in  Table  2  (sensitivi¬ 
ty  of  the  equipment  equals  2).  The  data  obtained  clearly  shows  an  in¬ 
crease  in  quinone  aooumulation  with  an  increase  in  the  dose  rate  of 
irradiation. 

A  quantitative  investigation  of  quinone  formation  in  irradia¬ 
ted  tissues  of  young  germinants  and  in  yeast  cells  showed  that,  as 
in  potato  tubers,  after  Irradiation  of  actively  metabolising  oells 
oxidative  processes  arise  tihich  lead  to  a  rapid  Increase  in  the  ap¬ 
pearance  of  biologically  hlghly-actlve  quinones.  The  obtaining  of 
similar  results  on  four  different  specimens  (potato  tubers,  corn 
germinants,  corn  seeds  and  one-oelled  organisms  -  the  yeast  daeefca- 
romyoea  Hni )  indicates  that  quinone  formation  is  a  oommon  response 
reaction  to  irradiation  for  plant  tissue. 
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TABLE  2 


Quin one  Formation  in  Potato  Tubers  Depending 
on  Dose  Rate 


Tim*  of  MUrnoMt  oft  or 
irradiation,  day. 

Rodiotioa  doi.ro t.,  r/ooc 

Haight  of  polorogrophic 

wovo,  mm 

lot  , 

Control 

1.6 

55.0+2,9 

m.oio.i 

Control 

300 

54.0+2,7 

113,0+8,3 

2nd 

Control 

1.S 

mum 

Control 

300 

58,0+3,1 

132,0x8,1 

3rd 

Control 

1.S 

lX'.oi’i 

Control 

300 

mi 

4th 

'  Control, 

i> 

km 

Control 

300 

mt . . 

The 'dose  curves  (exponential  or  S -shaped)  examined  above 
completely  imitate  dose  curves  obtained  according  to  other  cri¬ 
teria  and  interpreted  according  to  target  theory  as  one-  fend  . 
multiple-hit  curves.  However,  having  shown  that  the  accumulation 
of  toxic  quinones  is  expressed  by  the  same  dose  curve,  we  can  easily 
explain  other  radiation  effects  as  the  result  of  the  action  of  in¬ 
creasing  amounts  of  qulnone  in  place  of  the  hypothesis  of  one-  and 
multiple  hits  of  an  ionizing  particle  on  unique  structures.  The  ex¬ 
ponential  nature  of  the  ourves  describing  the  Increase  in  quinones 
with  the  time  after  irradiation  is  of  special  interest.  It  indi¬ 
cates  that  the  reaction  of  qulnone  production  Is  one  of  the  first 
reactions  of  the  effeot  of  radiation,  which  arises  directly  during 
the  irradiation  and  at  the  same  time  having  the  characteristic 
that  having  begun,  it  continues  after  irradiation,  whloh  clearly 
Lndioates  its  ensymatio  nature.  The  assumption  concerning  enzyme 
motivation  as  its  basis  is  in  aooordance  with  the  data  on  the  de¬ 
pendence  of  qulnone  yield  on  the  dose  rate  of  the  irradiation. 

The  active  excretion  by  Irradiated  tissues  and  cells  (germl- 
nent  rootlets  and  yeast  cells)  of  the  radiotoxins  ~  quinones  - 
which  are  formed  in  them  which  was  found  is  of  extremely  great  in¬ 
terest.  Processes  of  the  yeasts*  recovery  from  radiation  lesion 
during  their  storage  in  tap  water  whloh  have  been  described  by  a 
number  of  investigators  [12-14]  finds  a  natural  explanation  in 
the  elimination  of  RT,  and  does  not  require  any  hypothesis  of 
"hidden"  radiation  injuries  (see  this  oolleotion,  page  4). 

It  is  interesting  to  oompare  the  unique  character  of  the 
dose  ourve  of  qulnone  excretion  by  the  roots  of  irradiated  plants 
with  concepts  of  the  mechanisms  of  the  stimulatory  and  inhibitory 
effect  of  radiation  developed  by  Kuzin,  et  al.  [15 j.  If  their  point 
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of  view  that  the  same  RT  in  small  doses  stimulates  plant  development 
and  in  large  doses  suppresses  it  is  correct,  the  data  in  Table  1 
have  a  simple  explanation:  at  low  stimulatory  radiation  doses,  the 
quinones  which  have  this  stimulatory  effect  are  retained  by  the 
tissues,  and  only  at  large  doses,  toxic  for  the  plants,  are  they 
excreted  from  it  via  the  root  system.  . 


As  is  known  from  the  literature,  a  nuriber  of  changes  observed 
in  the  germinants  of  irradiated  seeds  increased  exponentially  de¬ 
pending  on  the  dose  (for  example,  the  number  of  chromosomal  aberra¬ 
tions).  The  exponential  increase  shown  in  the  present  work  in  the 
quinones  which  enter  the  embryo  from  the  irradiated  seed  makes  it 
possible  to  see  the  true  cause  of  the  exponential  increase  in  the 
lesions  in  the  embryo  in  the  regularities  of  the  entry  of  RT  into 
embryos  in  a  supplement  to  the  hypothesis  of  a  direct  hit 
structures  which  are  injured.  Such  a  point  of  view  agrees  well  with 
the  results  of  a  number  of  studies  which  showed  the  origin  of  ra¬ 
diation  injuries  ,  including  chromosomal  aberrations  in  the  action 

of  RT  [16",  17]. 
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QUINONE  FORMATION  IN  THE  LIVER  OF  IRRADIATED  ANIMALS 

Yt .6.  Plyshevskaya,  N.  Norbsyev  and  A.M.  Kuzin 
( Inotitut o  of  Biophyoioo  USSR  Aoadomy  of  Soionooo) 


It  has  been  shown  In  a  number  of  investigations  [1*33  that 
the  amount  of  o-qulnones  in  plant  tissues  Increases  after  their 
Irradiation.  The  r&diomimetlc  properties  of  these  compounds  have 
also  been  demonstrated  and  the  hypothesis  has  been  stated  that 
o-qulnones  are  the  principal  component  of  plant  radiotoxins  (BT) 
[4-113. 

The  question  has  arisen  of  whether  o-quinones  also  appear  in 
the  animal  organism  when  it  is  irradiated. 

There  la  data  in  the  literature  on  an  increase  in  the  Amount 
of  tyrosine |  which  can  be  a  precursor  of  o-quinones,  in  the  tissues 
and  blood  of  Irradiated  animals  [12 -l*].  Tyrosinase  activation 
has  been  shown  in  the  skin  of  rats  soon  after  irradiation  [15] . 

Hie  appearance  of  qulnones  in  the  liver  of  irradiated  rats 
was  found  in  a  reaction  with  aniline  [16].  However,  tin*  low  apeoi- 
fiolty  of  this  reaction  did  not  give  an  unequivocal  answer.  In  the 
same  work  there  are  also  observations  of  an  increase  in  the  absorp¬ 
tion  peak  in  ultraviolet  at  255  mu  of  extracts  from  the  Uver  of 
Irradiated  'animals'. ; 

It  was  the  purpose  of  the  present  work  to  study  the  quantita¬ 
tive  principles  of  the  initial  qulnone  accumulation  in  the  liver 
of  Irradiated  animals  depending  on  the  dose  and  time  after  irradia¬ 
tion. 

Unbred  white  rats  weighing  from  80  to  100  g  were  the  subject 
of  the  study.  Irradiation  was  oarrled  out  in  a  cesium  apparatus 
with  t-fifi  with  a  dose  rate  of  TOO  r/mln. 

The  liver  was  removed  at  different  times  after  irradiation . 
The  livers  (10  g)  of  three  trsts  were  homogsuised  at  0#  and  extract¬ 
ed  with  a  five-fold  volume  of  965  alcohol  for  2  hours  at  room  tem¬ 
perature  .  Then  the  homogenate  was  oentrifugsd  at  8000  rpm  for  30 
minutes,  the  extract  was  decanted  sad  the  alcohol  driven  off  in 
vacuo.  The  residue  in  a  volume  of  2-3  ml  was  neutralised  with  0.1  R 
HaOH  and  brought  to  5  ml  with  pH  7.*  phosphate  buffer. 
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n«.  1.  OttrvrloUt  «b»orpttoo  M..W* ‘M-- 

tte  Urn  of  rots  lrr»41»t«4  »l':h  *  4m«  •£Aj£*J?!i 

mmi  §tt%T  irradiation .  1)  ttni^radiatadi  2)  aftar  *>  ainute* ,  3) 

aftar  A  hours;  I)  aftar  2A  hour*. 


Aftar  a  ahort  stay  in  tha  rafrigarator,  the  •**]£«*  ***®?**n 
jantrlfucad  to  rtnora  tho  final?  dinpariad  aadiaant  which  pracipi- 
tataa  outVlha  axtraota  obtained  wrra  atadiod  at  a 
fclon  on  a  aalf-raoording  apactropfcotoaater,  M"*^]***  <£  tha 
baaia  of  tha  SF-A  apaotrophoto^far*  A*  a  raault  of  all  ***«  ®P»r* 
tlona,  tha  aubataneaa  axtraotad  Troa  10  g  of  lirar  wara  o^ntaine 
In  200  *1  of  aolution. 

fha  abaorotlon  apaetra  of  tha  axtraota  undar  investigation 
ahiohwara  axtraotad  15  «topaf,vt  and  2k  houra  aftar  irradiacion 
nith  a  doaa  of  2  ouriaa  ara  yrtaantad  in  rig.  l. 


*a  am  fro*  thia  figure /axtraota  of  tha  livara  of 
ad  rata  hart  an  abaorptlonaptotrua  typical  of  o-quinonai  with  a 
of  255-256  an  tl7-19 J.  S?ha  apintr*  obtainad  olaa r*y  indi- 

acta  (froa  tha  incraaaa  in  abaorption  in  ^tiiitta!  i5*«Li- 

mi  iaoraaaa  in  tha  a-qulnona  aontwnt  of  tha  Uvar  tiiaua*  lS^am 
tttaa  aftar  irradiation  { In  aocpariaon  with  tha  <soBtwi)i  ift  1b* 

SJLrS^»^S5rSr.i»  SSS.  **  **»»««  imautM. 

Mkg  ineraaaa  in  tha  ••quinona  content  of  %U&  liver*.#*  Ir** 
radial  ^r^tcTaM  founS  atiaalatad  tno  authors  to  inra^igata 
tha  doaa  dapandaroa  and  dynaaica  of  tbair  ac«u»i*uvion  in  ti«a. 
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The  o-quinone  content  of  the  liver  of  the  control  rata  ia 
relatively  conatant  (Table  1).  In  irradiating  rata  (each  re8ult 
is  the  average  value  of  3-**  independent  experiments)  with  a  dose 
of  1  curie,  the  o-quinone  content  15  minutes  after  irradiation 
reliably  increases  in  comparison  with  the  control.  Four  hours  af- 
ter  irradiation  this  increase  reaches  171X9  and  after  48  hours  a 
second  rise  is  noted  —  to  248X  of  the  control. 

After  irradiation  with  a  dose  of  4  curies,  the  same  pattern 
is  observed,  but  the  level  of  o-quinone s  accumulation  is  consider¬ 
ably  higher  and  15  minutes  after  irradiation  reaches  159X  of  the 
control,  while  after  48  hours  it  is  280X.  Four  hours  after  irradia¬ 
tion  the  level  of  o-quinone  accumulation  reaches  the  first  plateau, 
at  which  it  remained  until  24  hours  after  irradiation.  This  time 
was  used  for  finding  the  dose  dependence.  The  data  obtained  are 
presented  in  the  same  table. 


Fig.  2.  o-quinone  accumulation  ir.  liver  of  irradiated  rats  depend¬ 
ing  oh  the  time  after  irradiation.  1,3)  Polarographic  method;  2,4) 
spectrophotometric  method;  1,2)  Irradiation  with  a  dose  of  4  curies; 
3,4)  irradiation  with  a  dose  of  1  curie. 


analogous  studies  were  conducted  in  parallel  by  the  method  of 
electron  polarography .  The  o-quinone  content  was  simultaneously  de¬ 
termined  in  the  same  extracts  by  the  polarographic  and  spectrophoto- 
raetric  methods. 

The  polarographic  method  is  sot  forth  in  detail  in  this  collec¬ 
tion  (see  page  28).  The  amount  of  the  substances  under  investigation 
was  determined  from  the  height  of  the  polarographic  wave  at  a  half¬ 
wave  potential  of  B ^  ■  0.35  v,  which  corresponds  to  the  quinones. 

The  original  extract  (4  ml)  was  placed  in  the  polarographic  cell, 
to  which  4  ml  of  base  electrolyte  was  added.  Phosphate  buffer  at 
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pH  6.8  served  as  the  polarographie  background  for  these  compounds. 
The  determination  was  carried  out  in  a  nitrogen  atmosphere . 

The  o-quinone  content  in  liver  extracts  obtained  by  the  polar- 
ographic  method  is  presented  in  Table  2.  As  in  the  case  of  the 
spectrophotometric  method,  the  time  (at  doses  of  1  and  4  curies) 
and  dose  (4  hours  after  irradiation)  dependences  of  the  o-quinone 
accumulation  were  determined. 

The  data  obtained  by  the  methods  of  electron  polarography  and 
ultraviolet  absorption  are  compared  in  Pig.  2.  As  already  noted 
above,  at  a  dose  of  1  curie,  the  o-quinone  content  increases  sharp¬ 
ly,  and  at  4  hours  after  irradiation  reaches  a  plateau,  remains  at 
approximately  the  same  level  until  24  hours,  after  which  a  second 
sharp  rise  follows.  At  a  dose  of  4  curies,  this  pattern  has  a  simi¬ 
lar  character,  but  at  a  somewhat  higher  level. 


Fig.  3.  o-quinone  accumulation  in  liver  of  irradiated  rats  (4  hours 
after  irradiation)  depending  on  the  radiation  dose.  1)  Polarographie 
method;  2)  spectrophotometric  method. 


The  curves  of  the  dose  dependence  of  o-quinone  accumulation 
in  the  liver  of  irradiated  rats  in  per  cent  of  the  control  are 
presented  in  Fig.  3.  As  seen  from  this  figure,  the  curves  have  an 
exponential  character  which  is  confirmed  by  the  straight-line  rela¬ 
tion  on  a  semilogarlthmic  scale  (Fig.  4). 

As  seen  from  Fig.  4,  for  both  methods  the  points  lie  on  one 
straight  line  and,  consequently,  there  is  good  agreement  of  data 
obtained  by  the  two  different  methods. 
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Pig*  4*  The  same  as  in  Pig.  3,  but  on  a  semilogarithmic  scale.  X 
is  the  amount  of  o-qulnones  formed  in  per  cent  of  the  control;  X 

*  B! 

is  the  maximum  amount  of  quinones  forming;  the  open  circle  is  the 
pol&rographie  method;  circle  with  cross  is  spectrophotometric 
method. 


Thus,  the  data  obtained  by  two  independent  methods  —  polaro- 
graphic  and  spectrophotometric  —  make  it  possible  to  establish  the 
following: 

1.  In  the  liver  of  irradiated  rats,  as  in  the  case  of  plant 
specimens,  there  is  an  increase  in  the  o-quinone  content  in  com¬ 
parison  with  the  control  animals, 

2.  The  dose  dependence  of  o-quinone  accumulation  in  the  liver 
of  irradiated  rats  is  of  an  exponential  character.  This  factor  makes 
it  possible  to  believe  that  o-quinone  accumulation  in  the  liver  of 
irradiated  rats  reflects  primary  reactions  of  the  interaction  of 
the  ionising  radiation  with  specific  cell  components. 

3*  The  continuing  Increase  in  the  quinones  with  time  after 
Irradiation  indicates  a  linking  of  the  primary  radiation-chemical 
processes  arising  in  the  cells  with  subsequent  enzymatic  ozldative 
processes  leading  to  quinone  formations 

4.  The  regular  and  considerable  increase  in  the  quinones  in 
the  first  4  hours  after  irradiation  makes  probable  the  hypothesis 
concerning  their  role  as  RT  in  the  further  development  of  the  ra¬ 
diation  lesion  of  the  animal  organism. 
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RADIATION  ACTIVATION  OF  ENZYMATIC  OXIDATION  AND  THE  POSSIBLE  ROLE 
OF  THIS  PROCESS  IN  THE  FORMATION  OF  RADIOTOXINS  OF  GUINOID 

:  NATURE 

A.M.  Kuzin,  Ye.A.  Ivanitskaya  and  I.K.  Kolovlytseva 
(Institute  of  Biophyaioa  USSR  Academy  of  Soienoee) 


As  seen  from  previous  work  [1-4],  the  o-phenol  and  o-quinone 
concentration  Increases  in  tissues  of  irradiated  animals  and  plants 
and  phenolase  activation  occurs.  It  can  be  assumed  that  the  o-qui- 
nones  or  their  semiquinone  form,  which  have  strong  radiomlmetic  prop¬ 
erties,  play  an  essential  role  in  the  development  of  the  radiation 
effect  (see  this  collection,  page  18) .  For  an  understanding  of  the 
mechanisms  of  formation  of  the  o-quinones  it  is  interesting  to  study 
the  in  vitro  effect  of  radiation  on  the  enzymatic  oxidation  of  tyro¬ 
sine  by  tyrosinase  which  leads,  as  is  known  [5,6],  to  the  formation 
of  the  compounds  which  interest  us. 

Numerous  investigations  have  been  devoted  to  questions  of  the 
effect  of  radiation  on  enzymes  [73.  Some  have  concerned  the  effects 
of  substrate  (DNA*  proteins  and  starch)  irradiation  on  the  rate  of 
subsequent  enzymatic  splitting  [8],  And  only  in  the  work  of  Schachin 
ger  and  Chug  [93  were, dehydrogenases  irradiated  with  X-rays  with  a 
dose  rate  of  15  curies/minute  at  the  moment  of  the  reaction.  Here 
Interesting  shifts  in  the  direction  of  inhibition  of  oxidation  re¬ 
actions  and  intensification  of  reduction  reactions  were  found. 

It  was  assumed  that  it  is  possible  to  explain,, by  means  of  a 
radiation  change  in  substrate,  enzyme  or  intermediate  products  of 
the  reaction,  changes  in  the  course  of  the  enzymatic  oxidation  of 
tyrosine  at  the  time  of  irradiation,  which  oan  also  occur  from  ir¬ 
radiation  of  living,  metabolizing  systems. 

i 

Commercial  crystalline  tyrosinase  in  a  concentration  of  2  micro 
grama /ml  and  a  10**  H  solution  of  tyrosine  were  used  in  the  experi¬ 
ments.  The  reaction  was  oarried  out  in  0.15  M  phosphate  buffer  at 
pH  The  rate  of  the  initial  stage  of  the  multistage  reaction 
of  tyrosine  oxidation  was  followed  by  determining  o -phenols  and 
o-quinones  by  Utevskiy  and  Butom's  method  [103. 


-  - 


m  m  i w 


Dote,  r 

Fig.  i.  Change  in  the  concentration  of  total  o-quinones -and  o-phenols 
during  a  10-min  reaction  in  a  tyrosine-fcyrosinase  mixture  and  tyrosine 
solution  from  irradiation.  1)  Irradiation  of  tyrosine-tyrosinase  mix¬ 
ture;  2)  irradiation  of  tyrosine  solution  with  subsequent  incubation 
for  10  minutes  with  unirradiated  tyrosinase;  3)  irradiation  of  tyro¬ 
sine  solution.  * 


In  the  first  series  of  experiments  the  rate  of  o-phenol  and  o- 
quinone  formation  was  determined  at  37.00  *  0.01°  in  the  first  10 
minutes  of  the  enzymatic  reaction.  The  reaction  took  place  during 
irradiation  in  RUP-3  equipment  (180  kv,  15  ma,  without  a  filter) 
with  dose  rates  of  irradiation  from  20  to  150  r/min  which  in  10  min¬ 
utes  produced  a  dose  from  200  to  1500  r  respectively.  The  results 
are  presented  in  Fig.  1  (Curve  1). 

As  seen  from  the  data  obtained,  at  a  radiation  dose  of  200  r 
acceleration  of  the  enzymatic  formation  of  o-quinones  and  e-phenols 
from  tyrosine  takes  plaoe.  This  acceleration  increases  up  to  a  dose 
of  1000  r.  At  this  dose  (dose  rate  of  irradiation  100  r/min)  the  re¬ 
action  was  accelerated  more  than  six  times.  A  further  Increase  in 
the  dose  rate  of  irradiation  and,  consequently,  of  the  dose  leads 
to  some  decrease  in  the  effect.  It  was  of  Interest  to  explain  the 
reason  for  such  strong  acceleration  of  the  reaction  of  tyrosine 
oxidation  by  tyrosinase  during  Irradiation.  Irradiation  of  the  en¬ 
zyme  alone  under  the  same  conditions  with  subsequent  addition  of 
tyrosine  did  not  change  the  rate  of  the  enzymatic  reaction. 
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The  assumption  developed  that  the  radiation-chemical  oxidation 
of  tyrosine  leads  to  the  appearance  in  the  system  of  o-phenols  and 
o-  quinones  which,  as  is  known,  accelerate  the  enzymatic  process  of 
tyrosine  oxidation  by  tyrosinase. 

The  following  series  of  experiments  was  set  up  for  the  pur¬ 
pose  of  explaining  the  role  of  the  o -phenols  and  o -quinones  form¬ 
ing  during  the  radiation-chemical  oxidation  of  tyrosine  in  the  in¬ 
crease  in  the  rate  of  the  enzymatic  process.  A  solution  of  tyrosine 
was  irradiated  for  10  minutes  at  37°  with  different  dose  rates. 

Curve  3  in  Pig.  1  corresponds  to  the  amount  of  o-phenols  and  o- 
quinones  which  form  in  this  case  through  radiation-chemical  oxida¬ 
tion.  In  the  next  series  of  experiments  radiation-chemically  formed 
tyrosine  was  added  to  an  unirradiated  enzyme  and  incubated  for  10 
minutes  at  37°.  If  the  acceleration  in  the  first  series  of  experi¬ 
ments  was  caused  by  the  products  of  the  radiation-chemical  oxida¬ 
tion  of >tyroSine  which  gradually  appear  in  10  minutes,  from  the  ad¬ 
dition  of  maximally  oxidized  (in  10  minutes)  tyrosine  one  could  ex¬ 
pert  an  even  greater  acceleration  of  the  reaction.  However,  as  seen 
from  Curve  2  of  Pig.  1,  although  the  addition  of  irradiated  tyro¬ 
sine  led  to  acceleration  of  the  enzymatic  reaction,  the  effect  was 
less  than  from  irradiating  the  system  at  the  moment  when  the  enzy¬ 
matic  reaction  takes  place  (compare  Curves  1  and  2).  This  Indicates 
that  along  with  radiation-chemical  oxidation  of  tyrosine,  other  fac¬ 
tors  participate  in  the  acceleration  of  the  enzymatic  reaction  (prob¬ 
ably,  a  reversible  change  in  the  enzyme's  structure.  Inclusion  of 
water  in  the  chain  of  radlolytlc  products  and  others). 

With  the  method  of  experiment  selected  several  dose  rates  of 
Irradiation  were  used.  At  higher  dose  rates  the  decrease  in  the  ef¬ 
fect  was  evidently  the  result  of  a  decrease  in  the  radiation  chemi¬ 
cal  yield  of  e-phenols  and  o -quinones.  In  fact,  specially  set  up  ex¬ 
periments  on  the  irradiation  of  a  tyrosine  solution  with  a  dose  of 
1500  r  at  dose  rates  of  150  and  50  r/mln  gave  0.35  ±  0.10  and  0.80  ± 
t  0.17  mlorogram  of  oxidation  products. 

All  these  data  indicate  that  the  appearance  of  ra^latlon-chemi- 
cal  reaction  products  plays  an  essential  role  in  the  radiation  ac¬ 
celeration  of  the  enzymatic  process. 

However,  the  question  of  whether  it  is  possible  to  reduce  the 
entire  meohanism  of  the  acceleration  merely  to  elimination  of  the 
induction  period  of  the  reaotlon  was  raised.  In  order  to  answer  it, 
one  further  series  of  experiments  was  set  up:  the  products  of  the 
radiation-chemical  oxidation  of  tyrosine  obtained  at  37°,  with  one 
dose  rate  of  irradiation  (56  r/mln)  and  different  doses  (see  dose 
ourve  in  Tig*  2)  were  added  to  unlrradlated  tyrosinase  and  the  ef- 
feot  observed  after  10  minutes  of  lnoubatlon  at  37°. 

The  results  of  these  experiments  are  presented  in  Pig.  3 
(Curve  l)  whip  also  contains  Curve  2  calculated  by  adding  the 
amounts  of  added  produots  of  the  radlatlon-ohemioal  oxidation  of 
tyroalne  to  the  amount  found  in  the  experiment  of  o-phenols  and 
e-quinones  which  form  in  10  minutes  at  a  constant  rate  of  the  enzy¬ 
matic  reaotlon  (0.15  mlorograma  in  recalculation  to  adrenalin  in 
10  minutes  in  the  period  between  the  10th  and  20th  minutes  of  the 
reaotlon  under  the  conditions  indicated  above) . 
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Pig.  3.  Aotivation  of  tyrosinase  depending  on  the  concentration 
of  the  added  o-qulnones  end  o-phenols.  1)  Concentration  of  e-phenols 
and  o-quinones  in  tyrosine-tyrosinase  mixture  after  incubation  with 
different  initial  concentrations  of  o-phenols  and  o-qulnones;  2) 
theoretical  curve.  (Along  absolssa  —  initial  concentration  of  o- 
phenols  and  o-quinones  in  recalculation  to  adrenalin  in  micrograms; 
along  ordinate  —  the  same,  but  after  incubation  with  tyrosine). 
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As  seen  from  Pig.  3»  Curve  1  does  not  coincide  with  the  theo¬ 
retical  curve  (Curve  2).  This  indicates  that  the  products  of  the 
radiation-chemical  oxidation  of  tyrosine  not  only  eliminate  the 
induction  period,  but  also  have  an  effect  directly  on  the  rate  of 
the  enzymatic  reaction  of  tyrosine  oxidation. 

It  seems  possible  that  the  phenomenon  of  sharp  acceleration 
of  the  enzymatic  reaction  of  tyrosine  oxidation  at  tne  moment  of 
irradiation  which  was  found  in  the  experiments  plays  an  essential 
role  in  the  appearance  of  o -phenols  and  o-quinones  after  the  ir¬ 
radiation  of  plant  and  animal  tissues. 
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INHIBITION  OF  DNA  SYNTHESIS  AFTER  LOCAL  IRRADIATION  OF 

CYTOPLASM  AND  NUCLEUS 

A. A.  Vaynson  and  A.M.  Kuzin 


(Inatitute  of  Biophyaioe  USSR  Academy  of  Soienoee) 


Studies  on  the  local  irradiation  of  the  cell  are  greatly  fur¬ 
thering  an  explanation  of  the  role  of  toxic  products  in  the  develop¬ 
ment  of  radiation  sickness  [1].  By  using  this  method,  an  attempt  was 
made  *n  the  present  work  to  explain  the  role  of  radiotoxina  [RT]  (PT) 
forming  after  the  irradiation  of  cytoplasm  in  the  development  of 
injury  to  the  nucleus.  In  the  Investigation  a  study  was  made  of 
the  dose  dependence  of  the  inhibition  of  desoxyribonucleic  add 
[DNA]  (AHK)  synthesis  after  the  irradiation  of  the  cytoplasm  and 
nucleus  of  HeLa  cells.  Selection  of  the  process  of  DNA  synthesis 
for  study  was  determined  by  its  high  radiosensitivity,  connected 
with  the  ease  of  Injuring  the  DNA  molecules  themselves  [2]  or  the 
enzyme  systems  of  the  phosphorylation  of  the  precursors,  also  locat¬ 
ed  in  the  nucleus  [3]. 

The  HeLa  cells  intended  for  irradiation  were  cultivated  on 
mica  sheets  3-A  P  thick  on  medium  No.  199  containing  20$  bovine 
serum  and  100  units  of  penicillin  and  streptomycin  per  ml.  The 
duration  of  individual  phases  of  the  mitotic  cycle  in  the  given 
cell  line  was  determined  on  the  basis  of  a  curve  of  labelled  mito¬ 
ses,  after  brief  incubation  of  the  cells  with  thymidine-H*  (TH*) 

[A]  and  averaged  (in  hours):  T  -  28,  »  8.5,  5  •  10.5  and  8. 

The  average  dimensions  of  the  nucleus  were  8.7  *  11.0  p. 

Local  irradiation  of  the  cells  was  carried  out  at  room  tem¬ 
perature  with  the  help  of  a  special  attachment  to  the  MBI-3  micro¬ 
scope  [53.  A  Po,l#  preparation  of  the  RDS-10  type  (10  mllllcurles, 
diameter  of  the  aotlve  surface  about  1.3  mm,  product  of  the 
Amersham  Radiochemical  Center)  served  as  the  souroe  of  the  a-partl- 
cles.  A  narrow  beam  of  o-partioles  was  Isolated  with  bronze  dia¬ 
phragms  0.1  mm  thick  with  a  central  opening  1-2  p  in  diameter 
"drilled"  on  an  ionic  etching  unit  [6? .  A  collimating  system  made 
it  possible  to  obtain  beams  of  a-partleles  with  diameters  down 
to  *1  p:  beams  of  a  diameter  of  8-8.5  V  were  used  in  this  ^ork.  The 
dose  absorbed  was  calculated  on  the  basis  of  the  number  of  a-partl- 
cles  in  the  mlorobeam.  their  energy  distribution  and  the  thickness 
of  an  "average"  cell  (8  p  in  the  region  of  the  nucleus  and  A .5  p 
in  the  region  of  the  cytoplasm).  The  number  of  a-particlee  in  the 
beam  passing  through  mica  plates  of  different  thicknesses  was  de^ 
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termined  with  the  help  of  a  nuclear  photoemulsion. 

The  rate  of  DNA  synthesis  was  measured  autoradlographlcally 
after  brief  (20  min)  TH*  labeling  1  hour  after  irradiation.  The 
method  of  evaluating  the  effect  of  Irradiation  on  DNA  synthesis 
was  similar  to  that  described  earlier  [73  and  consisted  In  com¬ 
paring  the  synthesis  rates  of  Irradiated  and  control  cells  grow¬ 
ing  on  one  mica  plate.  At  each  dose  of  local  Irradiation  the  rate 
of  synthesis  was  measured  on  60-80  cells;  here  3-10  Irradiated 
cells  were  found  in  one  preparation. 

In  local- Irradiation  experiments,  we  used  cell  cultures  syn¬ 
chronized  in  5-perlod  by  the  addition  at  21  hours  of  (G \  +  N  +  Gt)- 
-thymldlne  to  a  final  concentration  of  ^lO-1  M  [8,93.  The  excess 
thymidine  was  removed  3  hours  before  the  beginning  of  irradiation. 
Preliminary  experiments  showed  that  the  radiosensitivity  of  DMA 
synthesis  in  synchronous  cells  is  barely  more  than  or  equal  to 
the  sensitivity  of  this  process  in  normal  cells.  The  principal 
advantage  of  the  use  of  a  synchronized  culture  in  experiiaents 
on  local  irradiation  was  that  at  the  moment  of  irradiation  almost 
all  the  cells  were  in  the  same  S  phase;  the  number  of  synthesizing 
colls  was  increased  to  70-80*  against  25*  in  a  normal  culture  and 
the  more  compact  distribution  of  the  cells  according  to  rate  of 
synthesis  made  it  possible  to  deal  with  a  smaller  number  of  cells 
in  order  to  obtain  reliable  results.  The  results  obtained  are  pre¬ 
sented  graphically  in  the  figure. 

As  seen  from  the  data  obtained,  after  local  irradiation  of 
the  nucleus  the  dose  curve  of  the  inhibition  of  DNA  synthesis  is 
clearly  a  two -component  curve  (Curve  3),  which  indicates  the  pre¬ 
sence  of  no  fewer  than  two  mechanisms  of  radiation  inhibition  of 
DMA  synthesis.  It  is  interesting  that  even  with  comparatively  large 
doses  of  local  irradiation  of  the  nucleus,  DNA  synthesis  is  inhibit¬ 
ed  no  more  than  *01. 

Prom  local  irradiation  of  the  oytoplaam  (about  half  of  its 
volume)  and  with  complete  exclusion  of  a-partloles  hitting  the 
cell  nucleus  (irradiated  area  of  the  cytoplasm  was  2-3  u  from  the 
nucleus)  considerable  inhibition  of  DNA  Synthesis  is  observed  1 
hour  after  irradiation  (Curve  1).  At  6.1  krad  DNA  synthesis  is  18* 
Inhibited.  At  an  equal  doae  of  irradiation  of  the  nueleus  DNA  syn¬ 
thesis  is  34*  inhibited.  Thr**  hours  after  irradiation  of  the  cyto¬ 
plasm  the  Inhibition  of  DNA  synthesis  is  noticeably  increased,  and 
16*  inhibition  is  observed  at  a  doae  of  2  krad  (Curve  2).  It  is 
likely  that  the  slowing  down  of  0NA  synthesis  in  the  nucleus  af¬ 
ter  local  irradiation  of  the  cytoplasm  may  be  the  result  of  the 
formation  of  HP  in  it.  The  effect  of  irradiated  cytoplasm  on  the 
unirradiated  nucleus  which  was  noted  earlier  [1,  10-133  also  can 
be  explained  in  the  tame  way.  In  connection  with  this  it  is  in¬ 
teresting  to  not*  that  proteins  and  nucleic  acids  of  the  nueleo- 
proteins  of  rat  thymus  nuclei  rapidly  and  firmly  bind  c-quinonss 
and  o -phenols  which  comprise  sn  important  part  of  the  RT  [14]  in 
pii*e  (see  this  collection,  page  53) . 
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Pig.  50'..  Inhibition  of  DNA  synthesis  under  different  conditions 
of  a-partlcle  irradiation  depending  on  the  dose.  X)  Local  irradia¬ 
tion  of  cytoplasm  1  hour  after  irradiation;  2)  the  sane,  but  3 
hours  after  irradiation;  3)  local  irradlatior  of  the  nucleus;  4) 
total  irradiation  of  the  cell. 


It  is  very  likely  that  after  total  irradiation  of  the  cell 
(Curve  *1)  the  formation  of  toxic  products  in  the  cytoplasm  will 
be  greater  than  that  demonstrated  in  the  experiments  under  con¬ 
sideration  because  in  the  latter  there  always  remained  an  unir¬ 
radiated  zone  2-3  u  wide  between  the  Irradiated  part  of  the  cyto¬ 
plasm  and  the  nucleus  which  could  absorb  considerable  amounts  of 
toxic  products  as  a  result  of  the  great  reactive  capacity  of  the 
latter. 

The  results  of  the  experiments  which  have  been  conducted  show 
that  NT  formation  has  great  significance  in  inhibition  of  DNA  syn¬ 
thesis.  The  mechanism  of  action  of  these  compounds  may  consist  both 
in  direct  damaging  of  the  desoxyribonucleoprotelne  and  in  decreas¬ 
ing  the  activity  of  DNA-polymerase  and  ensymes  participating  in 
the  production  of  DNA  precursors . 
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The  high  radiosensitivity  of  the  cell  nucleus  which  usually 
shows  up  in  inhibition  of  mitoses,  disturbances  in  the  mitotic 
cycle,  chromosomal  aberrations,  the  appearance  of  mutations  and 
the  frequently  observed  death  of  the  cell  during  post -radiation 
division  has  led  to  concepts  of  the  leading  importance  of  the  di¬ 
rect  effect  of  radiation  on  unique  structures  of  the  nucleus  — 
the  chromosomes  or  their  components  -  de.,oxyribonucleoproteins 
[DNP]  (flHn).  On  the  other  hand,  the  existence  of  radiation’s  dis¬ 
tance  effect  and  many  facts  presented  in  other  articles  of  this 
collection  speak  of  activation  in  cells  during  irradiation  of 
oxidation  reactions  and  the  appearance  of  strongly  oxidized  com¬ 
pounds,  among  which  a  leading  role  in  the  manifestation  of  a  num¬ 
ber  of  radiation  effects  is  ascribed  to  the  o-quinones.  The  appa¬ 
rent  contradictions  between  the  theory  of  a  hit  on  unique  cell 
structures  and  the  theory  of  the  primary  formation  of  radiotoxins 
[RT]  (PT)  are  easily  eliminated  by  assuming  a  rapid  reaction  of 
RT  with  the  chromosomes  of  the  nucleus  which  causes  subsequent 
visible  changes  in  nuclear  structures  and  functions. 

The  purpose  of  the  present  investigation  is  to  show  on  model 
systems  the  exigence  f  su„l.  *  auctions  between  o-quinenes  and 

substances  of  the  cell  nuclei.  As  is  known  [1],  the  enzymatic 
oxidation  of  natural  phenols  with  the  formation  of  active  o-quin- 
ones  is  activated  by  the  effect  of  irradiation.  On  this  basis, 
products  of  the  enzymatic  oxidation  of  tyrosine  —  which  is  one 
of  the  possible  precursors  of  active  o-quinones  -  were  used  as 
a  model  for  study.  It  is  known  from  the  literature  that  o -phenols 
and  o-quinones  which  later  condense  into  melaninea  begin  to  be 
accumulated  from  the  effect  of  tyrosinase  in  a  tyrosine  solution. 
It  was  shown  earlier  that  at  the  moment  of  the  greatest  accumula¬ 
tion  of  o-quinones  the  tyrosine-tyrosinase  system  displays  radio- 
mimetic  properties,  inhibiting  the  mitoses  of  plant  cells  [2]  and 
the  division  of  E.  ooli  [3].  Preliminary  experiments  on  incubation 
of  a  tyrosine  solution  (0.05#  in  0.04#  NaHCOj)  with  an  equal  vol¬ 
ume  of  a  tyrosinase  solution  (0.1  unit  per  ml)  at  30°  showed  a 
maximum  accumulation  of  o-quinones,  determined  with  a-naphthol 
m  and  by  Osinskaya's  method  [53,  60  minutes  after  the  beginning 
of  the  experiment.  At  this  time  the  absorption  spectrum  of  the 
solution  in  the  ultraviolet  region  clearly  changed,  As  is  seen 
from  the  experimental  data  presented  in  Pig.  1,  new  absorption 

-  53  - 


•  r  U-,  [-■  T  . r‘r  . . "  *•'- . — * — * — 


spectra  appear  in  the  regions  of  303-310  and  450  my.  According 
to  the  literature  data,  tyrosine  is  oxidized  to  dioxyphenylala- 
nine  [DOPA]  (.flORA)  and  changes  into  DOPA-quinone  and  DOPA-chrome. 
These  two  latter  compounds  also  produce  an  absorption  maximum  in 
the  ultraviolet  region  at  305  my  (pH  6. 8-8. 4)  [6], 

The  reaction  products  of  30-60  minute  enzymatic  oxidation  of 
tyrosine  with  native  thymus  nuclei  were  investigated  in  the  pre¬ 
sent  work.  As  is  clear  from  the  preceding  and  from  data  in  the 
literature,  o-quinones  with  their  accompanying  o-phenols  predomi¬ 
nate  among  the  oxidation  products  of  tyrosine  at  this  time.  Since 
these  compounds  easily  change  into  each  other  and  since  the  chemi¬ 
cal  reactivity  of  the  o-quinones  is  especially  great,  in  the  future 
we  will  be  talking  about  o-quinones  with  allowance  for  possible  ad¬ 
mixtures  of  other  oxidation  products. 

Native  nuclei  of  rat  thymus  cells  were  isolated  by  Downs' 
method  (see  [7]).  Microscopic  examination  of  the  suspension  of  nu¬ 
clei  obtained  after  two  wrshings  did  not  show  Impurities.  A  suspen¬ 
sion  of  cell  nuclei  in  isotonic  sucrose  solution  (10®  nuclei  per  1 
ml)  was  added  at  a  temperature  of  30°  to  a  tyrosine-tyrosinase  sys¬ 
tem,  which  was  first  Incubated  at  30°  for  0.5  hours  in  the  presence 
of  isotonic  phosphate  buffer  (pH  7.4^.  After  different  times  of  in¬ 
cubation  (5,  15,  30,  90  and  150  min)  the  nuclei  were  separated  by 
centrifugation  and  the  amount  of  absorption  at  303  my  was  deter¬ 
mined  in  the  supernatant  liquid.  The  decrease  in  o-quinoneu  depend¬ 
ing  on  the  length  of  incubation  is  preser.ced  in  Pig.  2. 

As  seen  from  the  results  Detained,  native  nuclei  actively  ab¬ 
sorb  o-quinones.  In  5  minutes  almrst  30X,  in  15  minutes  abbut  50? 
and  in  30  minutes  about  70?  of  the  total  amount  was  bound  by  the 
nuclei.  A  similar  effect  was  obtained  from  the  addition  of  a  sus¬ 
pension  of  nuclei  whose  structure  was  first  destroyed  by  freezing 
and  thawing.  This  brought  on  the  thought  that  o-quinones  are  direct¬ 
ly  bound  by  the  DNP  of  the  nuclei.  In  order  to  study  in  more  detail 
the  Interaction  of  o-quinones  with  the  DNP  of  the  nuclei,  the  meth¬ 
od  of  radioactive  indicators  was  used. 

Tyrosine  uniformly  labeled  with  C1*  with  a  specific  activity 
of  12  ml  Hi  curies /millimole  was  used  for  the  experiment.  Under  the 
conditions  described  above  the  labeled  tyrosine  was  oxidized  in  30 
minutes  by  tyrosinase  at  a  temperature  of  30°  which  led  to  the  forma 
tion  of  C1%  labeled  o-quinones.  Since  at  the  time  of  the  addition  of 
the  cell  nuclei  about  80?  unchanged  tyrosine  remained  in  the  solu¬ 
tion,  its  inclusion  in  the  proteins  of  the  cell  nuclei  might  have 
interfered  with  determination  of  the  absorption  of  the  oxidation 
produots  (o-quinones  and  o-phenols ).  In  older  to  avoid  this  diffi¬ 
culty,  puroraycln  in  a  concentration  of  20  micro grams /ml  or  chloram¬ 
phenicol  in  a  concentration  of  2  mg/ml  was  added  to  the  nuclei  sus¬ 
pension*  According  to  the  data  of  Mirsky  and  Ris  [8]  at  such  inhibi¬ 
tor  concentrations  the  inclusion  of  amino  acids  in  thymus  nuclei 
decreases  by  70  and  90?,  respectively. 

Nuclei  in  the  presence  of  protein  synthesis  inhibitors  were 
added  to  the  initial  labeled  tyrosine  solution  (control)  and  to 
the  same  solution  after  30-minute  tyrosinase  action,  that  is,  to 
one  which  contains,  besides  tyrosine,  its  oxidation  products,  o- 
quinones  and  o-phenols. 
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Pig.  1.  Absorption  spectra  of  a  tyrosine-tyrosinase  system.  1)  Ini¬ 
tial  mixture;  2,3 and  5)  after  10,  15,  30  and  60  minutes  of  reac¬ 
tion  at  a  temperature  of  30c,  respectively. 
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Fig.  2.  Absorption  of  tyrosine 
oxidation  products  from  a  tyro¬ 
sine-tyrosinase  system  by  nuolel 
of  thymus  cells. 
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TABLE  1 

Radioactivity  of  Cell  Nuclei 


Control, 
pulses  in  5  min 

j  Fji  per  ir  lent 

pulses  ti  5  min 

%  (of  control) 

900 

6000 

666 

560 

4360 

750 

575 

6967 

1200 

TABLE  2 


Radioactivity  of  Individual  Fractions  of  Thymus 
Nuclei 


Radioactivity, 

pulses  in  5  min 

Percentage  of 
total  radioed- 

Fraction 

Expt.  1 

E*P«.  S 

Expt.  3  | 

lvity  represent¬ 
ed  by  activity 
of  flection 

i 

;  ■ 

Fraction  soluble  in  0.14M  NaCl 
(RNP  proteins) . 

6360  ' 

6  990 

6800 

25,5 

Fraction  soluble  in  1M  NaCl 
(DNP) . 

28000 

12000 

18618 

69.3 

Insoluble  residue  (acid  proteins  snd 
membrane  proteins)  ..... 

970 

— 

5,2 

TABLE  3 

Radioactivity  of  Proteins  and  Nu¬ 
cleic  Acids  of  Thymus  Nucleus  Nu¬ 
de  oprotelns 


■  .  : 

Fraction 

Activity, 
pulses  in 

5  min 

Ratio  of  nuc¬ 
leic  acid  act¬ 
ivity  to  protoin 
activity 

DNP 

/  DNA  \ 

1969 

0.26 

1  protein  ) 

7800 

RNP 

1  RNA  \ 

600 

r  T;-  '  »  . 

g  At 

\  protein  / 

2800 

•  •  K  i  ' 
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After  30  minutes  of  Incubation  under  the  above -described  conditions, 
the  nuclei  were  removed  by  centrifugation  at  4000  rpm  and  washed 
three  times  with  pH  7.4  phosphate  buffer.  In  order  to  determine  the 
amount  of  radioactive  compounds  absorbed  by  the  nuclei,  the  nuclei 
were  precipitated  on  a  cellulose  membrane  filter  with  a  pore  dia¬ 
meter  of  1.2  u.  The  nuclei  on  the  filter  were  washed  three  more 
times  with  phosphate  buffer,  then  with  a  iOfsolution  of  trichlor¬ 
acetic  acid,  and  then  successively  with  ?0  and  96$  alcohol.  The 
activity  of  the  nuclei  on  the  filters  waa  determined  with  a  "Tritio- 
mafclc-100"  type  of  liquid  scintillation  counter,  using  a  nonpolar 
scintillator. 

The  results  of  three  experiments  are  presented  in  Table  1. 

The  first  two  experiments  were  without  the  addition  of  anti¬ 
biotics,  the  antibiotic  puromycin  was  used  in  the  last  experiment. 

As  seen  from  the  data  obtained,  the  oxidation  products  of  tyro¬ 
sine  are  actively  absorbed  by  thymus  cell  nuclei  which  is  in  complete 
accord  with  data  from  the  investigation  of  ultraviolet  spectra.  In 
connection  with  the  fact  that  the  nuclei  in  the  experiment  were  in 
a  medium  containing  tyrosinase  which  is  absent  from  the  control  for 
30  minutes,  it  was  necessary  to  determine  whether  the  observed  ef¬ 
fect  is  a  result  of  an  increase  in  the  absorption  of  tyrosine  by 
the  nuclei  from  the  action  of  tyrosinase  on  them. 

The  following  experiment  was  set  up  for  this  purpose.  The  nu¬ 
clei  of  ratthymuBes  were  divided  into  two  portions,  one  of  which 
was  incubated  for  30  minutes  with  phosphate  buffer,  the  other  - 
with  phosphate  buffer  in  the  presence  of  tyrosinase.  After  washing 
nuclei  of  both  portions  in  the  presence  of  chloramphenicol  (2  mg/ml) 
were  placed  for  30  minutes  in  a  medium  with  Cl*  tyrosine.  Then  the 
nuclei  were  washed  three  times  with  buffer,  precipitated  on  oellulose 
filters  where  they  were  washed  as  described  above.  The  count  inten¬ 
sity  in  the  control  and  experimental  samples  was  2.13  and  2,70  imp 
per  microgram  of  protein  in  5  minutes,  respectively. 

The  results  of  this  experiment  lead  to  the  conclusion  that  in¬ 
cubation  of  the  nuclei  with  tyrosinase  in  itself  does  not  increase 
the  absorption  of  tyrosine.  Thus,  the  sharp  increase  in  the  radio¬ 
activity  of  the  nuclei  whioh  was  obtained  in  the  presenoe  of  oxi¬ 
dized  tyrosine  indicates  the  active  absorption  of  the  oxidation 
products. 

It  seemed  of  Interest  to  Investigate  which  components  of  the 
nucleus  are  responsible  for  the  observed  absorption.  For  this  pur¬ 
pose,  the  cell  nuclei  after  30-minute  incubation  with  the  produota 
of  enzymatic  tyrosine  oxidation  were  removed  by  centrifugation, 
washed  and  lysed  with  distilled  water. 

The  lysates  were  treated  with  0,I4'M  NaCl  (1:10).  The  resi¬ 
due  was  removed  by  centrifugation  and  washed  3-4  times  for  as  com¬ 
plete  as  possible  extraction  of  the  ribonucleotides,  onsymes  end 
globular  proteins.  The  part  which  was  insoluble  in  0.14  M  NaCl  was 
extracted  three  times  with  1  If  NaCl  for  separation  of  the  DNP.  Ac¬ 
cording  to  Mlrsky  end  Osawa'e  data  [93,  it  is  possible  to  leolate 
80-901  of  the  CNF  of  the  nuolel  by  this  meant.  The  part  which 


remained  represented  acid  protein*,  part  of  the  rlbonucleoprotein 
(RNP)  and  Insoluble  proteins  of  the  nuclear  membranes.  Determina¬ 
tion  of  the  radioactivity  of  each  fraction  was  carried  out  in  the 
following  way :  Trichloroacetic  acid  was  added  to  the  0.14  W  NaCl 
solution  to  a  final  concentration  of  10$.  All  of  the  precipitated 
residue  was  applied  to  several  filters  with  pores  of  a  diameter  of 
0.3-0. 5  u  in  3ueh  a  way  that  there  was  3-4  mg  of  the  substance  on 
one  filter.  Six  volumes  of  water  was  added  to  the  1  M  solution. 

The  DNP  which  precipitated  out  in  this  case  was  transferred  with  a 
glass  rod  to  1-2  ml  of  a  1  M  NaCl  solution,  redissolved  and  the  ... 
whole  solution  applied  to  several  filter  paper  circles  which  were 
dried  under  an  infrared  lamp.  The  insoluble  residue  was  also  trans- 
fered  with  a  glass  rod  to  a  membrane  filter.  All  the  filters  were 
washed  with  a  10$  trichloroacetic  acid  solution  and  successively 
with  70  and  96$  alcohol. 

The  total  radioactivity  of  all  the  filters  belonging  to  a 
given  fraction  is  presented  in  Table  2. 

As  seen  from  the  results  obtained,  the  bulk  of  the  tyrosine 
oxidation  products  is  bound  with  the  DNP  of  the  nucleus  (69.3$). 

The  labeled  DNP  which  was  isolated  was  separated  by  Sevag’s 
method,  in  which  their  solution  in  1  M  NaCl  was  shaken  for  1  hour 
with  a  mixture  of  chloroform  and  isoamyl  alcohol  (9:1).  After  re¬ 
moval  of  the  protein  from  the  DNA  the  totnl  activity  of  each  frac¬ 
tion,  was  determined}  the  fraction  soluble  in  0 .14  M  NaCl  [RNP]  (PHn) 
was  studied  in  the  same  way.  The  separation  was  carried  out  in  the 
presence  of  0.1$  sodium  dodecylsulfate.  The  results  obtained  are 
presented  in  Table  3. 

An  analysis  of  the  DNP  and  the  desoxyribonucleic  acid  under 
Investigation  showed  protein  contents  of  155  and  6$,  respective¬ 
ly  (protein  determination  according  to  Lowry,  and  DNA  according 
to  Spirin  [10])  which  could  not  explain  the  radioactivity  of  the 
DNA  only  by  protein  contamination.  The  decrease  of  activity  in 
DNA  in  comparison  with  DNP  is  5-fold,  while  the  decrease  in  the 
amount  of  protein  is  25-ioi.d. 

Thus  the  Investigation  which  was  conducted  showed  that  native 
nuclei  isolated  from  rat  thymus  cello  actively  absorb  products  of 
ensymatic  tyrosine  oxidation  ‘.o-quinonee) .  The  bulk  of  the  o-qui- 
nones  aw  bound  by  the  nuolear  nucleoproteins  (6#.  3$) .  Ir.  the  nu¬ 
de  op  rote  ins  the  o-quinones  are  mainly  associated  with  histones 
(80$)*  however,  the  remaining  part  (20$)  is  firmly  bound  by  DNA. 

The  combining  of  the  e-qulnoneo  with  the  nuoleoprotelns  of 
the  nucleus  -  the  principal  nuclear  mao romole cults  which  store 
genetic  and  metabolic  information  -  which  has  been  shown  explains 
well  the  radiomimetlo  effect  of  the  o-quinones. 
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RADIOMIfETIC  EFFECT  OF  ORTHO- QU I NONES  ON  THE  SORPTION  PROPERTIES 

OF  CELL  NUCLEI 

Ye. C|.  Plyshevskaya  and  V.G.  Solomonov* 

(Institute  of  Biophysics  USSR  Academy  of  Sciences) 


A  change  In  the  sorption  of  acridine  orange  [AO]  (AO)  by  the 
nuclei  of  rat  thymus  cells  15  minutes  after  irradiation  of  the  ani¬ 
mals  with  a  dose  of  1  curie  was  established  earlier  [1], 

This  phenomenon  consists  in  the  fact  that  thymus  nuclei  iso¬ 
lated  10-15  minutes  after  irradiation  of  rats,  from  a  measurement 
of  the  fluorescence  excited  by  ultraviolet  radiation,  showed  an  in¬ 
crease  in  fluorescence  in  the  presence  of  an  0.002#  AO  solution  of 
30-MO#  in  comparison  with  the  nuclei  of  unirradiated  rats.  The  fact 
that  similar  irradiation  of  isolated  nuclei  (in  a  sucrose-buffer 
solution)  did  not  change  their  fluorescence  in  the  presence  of  AO 
brings  on  the  thought  that  the  effect  is  caused  by  the  interaction 
of  the  nuclei  with  substances  formed  in  the  irradiated  cytoplasm. 

On  the  basis  of  Kuzin's  hypothesis  (see  this  collection,  page  *0 
that  these  substances  are  o-  quinones,  a  series  of  experiments 
on  the  effect  of  the  latter  on  cell  nuclei  was  conducted. 

Isolated  thymus  nuclei  were  selected  as  the  subject  of  the  in¬ 
vestigations.  The  cell  nuclei  were  isolated  from  the  thymuses  of 
unbred  white  male  rats  weighing  from  80  to  100  g  by  a  modified 
Downs  method  (see  (23).  The  concentration  of  the  nuclei  was  deter¬ 
mined  in  a  Goryayev  chamber.  The  suspension  of  nuclei  was  diluted 
with  isotonic  sucrose-phosphate  buffer  (0,25  M  sucrose  solution 
prepared  in  1/15  M  phosphate  buffer  at  pH  7.M)  so  thst  l  ml  con¬ 
tained  l*10#  nuclei.  The  A0  concentration  was  always  0.02  mg/ml  of 
the  suspension.  In  1-2  minutes  after  the  addition  of  A0  the  suspen¬ 
sion  was  centrifuged,  the  supernatant  fluid  was  poured  off,  the  nu¬ 
clei  again  suspended  in  the  same  volume  of  sucrose -phosphate  solu¬ 
tion  and  the  fluorescent  spectrum  recorded.  Irradiation  of  rats  and 
potato  tubers  was  carried  out  with  Y-***y»  of  Csl4T  (dose  rate  or 
700  r/min).  Alcoholic  extracts  of  the  irradiated  potato  tubers 
were  obtained  by  the  asms  method  as  from  the  liver  of  Irradiated 
rats  which  was  described  in  detail  in  this  collection  (see  page  3/), 

Measurement  of  the  fluorescent  spectra  was  carried  out  in  an 
ISP-Si  epectrograph  with  an  FEP-1  photoelectric  unit  with  record¬ 
ing  on  an  automatic  self-recording  nci-02  potentiometer,  A  PPK*  d 
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•nercury -quartz  .lamp  served  as  the  excitation  source.  Excitation  was 
carried  out  with  the  3 66  mu  line  which  was  cut  out  with  special 
light  filters. 
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Fluorescent  spectrum  of  nuclei  in  the  presence  of  AO.  3)  AO  (0.02 
mg/ml);  2)  nuclei  ( 10 8  nuclei/ml)  +  A0  (0.02  mg/ml). 


The  fluorescent  spectra  of  AO  and  of  a  suspension  of  nuclei 
with  AO  are  presented  in  the  figure.  The  fluorescent  maximum  of  AO 
lies  in  the  region  of  5**0  mu  which  is  in  good  agreement  with  the 
literature  data.  The  addition  of  AO  to  a  suspension  of  normal  nu¬ 
clei  evokes  bright  green  fluorescence  of  the  latter,  and  in  this 
case  a  considerable  increase  is  observed  in  the  intensity  of  the 
fluorescence  at  the  maximum  without  a  noticeable  change  in  its 
position  in  the  spectrum  in  comparison  with  AO. 

Later  the  change  in  intensity  of  the  fluorescence  of  the  nu¬ 
clei  in  the  presence  of  AO  served  as  a  test  for  detecting  the  effect 
of  various  factors  (in  vivo  and  in  vitro)  on  cell  nuclei. 

Kodel  experiments  f.33*  conducted  with  products  of  ensymatic 
tyrosine  oxidation,  clearly  showed  that  whereas  tyrosine  itself 
and  the  products  of  its  final  oxidation,  melanines,  did  not  possess 
antimitotic  properties,  intermediate  products  of  the  ensymatic  oxi¬ 
dation,  as  is  well-known,  containing  quinoid  and  seaiquinoid  forms, 
possessed  the  ability  to  sharply  inhibit  cell  division. 

In  connection  with  this,  it  was  interesting  to  study  the  effect 
of  the  intermediate  products  of  enzymatic  tyrosine  oxidation  on  the 
fluorescence  of  rue lei  in  vitro*  For  this  purpose  a  tyrosine  solu¬ 
tion  (concentration  0.5  mg/nl)  was  Incubated  in  the  presence  of 
tyrosinase  (activity  1  unit/ml )  and  sucrose -phosphate  buffer  for 
1  hour  at  a  temperature  of  30°.  In  this  time  the  solution  acquired 
a  bright  rose  color  and  the  qulnone  concentration  reached  a  maximum. 

5*10*  nuclei  wwre  added  to  10  ml  of  this  solution  and  Incubated 
15  minutes  more  at  the  same  temperature.  Then  the  nuclei  were  removed 
by  centrifugation,  again  suspended  in  sucrose -phosphate  solution  and 
after  the  addition  of  AO  their  fluorescence  was  measured  by  the  us¬ 
ual  method.  The  data  obtained  are  presented  in  Table  1. 


TABLE  1 


The  Effect  of  Products  of  the  En¬ 
zymatic  Oxidation  of  Tyrosine  by 
Tyrosinase  (15  min  After  Action) 
on  Fluorescence  of  Nuclei  in  the 
Presence  of  AO  (on  Maximum  at  540 
my) 


•fcixp.  No. 

Control  ret. 
units 

Experimental 

i 

pel-  units  j  %  (of  contro) 

1 

35 

56 

160.0 

2 

31 

53 

170,5 

3 

33 

51 

154,5 

4 

34 

48 

141,2 

5 

32 

57 

178,1 

6 

32 

60 

187.5 

7 

39 

59 

151,3 

8 

39 

56 

143.6 

9 

32 

58 

181 ,3 

Average 

— 

162,515,2 

Note.  Reliability  of  the  difference 

p  <  0.001. 


In  control  experiments  with  nuclei  incubated  with  oxidized 
tyrosine,  but  without  the  addition  of  AO,  fluorescence  at  540  my 
was  not  found. 

As  seen  from  the  table,  fluorescence  of  the  nuclei  in  the 
presence  of  AO  from  the  effect  of  the  intermediate  products  of 
tyrosine  oxidation  increases  62.535. 

It  is  seen  from  the  experiments  presented  that  the  change  in 
the  fluorescence  of  the  nuclei  in  the  presence  of  AO,  caused  by 
total  irradiation  of  the  animal,  is  completely  imitated  by  the 
products  of  enzymatic  tyrosir.e  oxidation. 

In  accord  with  earlier  observations  concerning  the  formation 
of  toxic  metabolites  in  irradiated  plant  tissue  [4-7],  the  effect 
of  substances  extracted  by  96%  alcohol  (1:5)  from -Irradiated  pota¬ 
to  tubers  on  the  fluorescence  of  nuclei  in  the  presence  of  A0  was 
investigated.  50  %  of  irradiated  (in  a  dose  of  50  curies)  and  un~ 
irradiated  potato  tubers  of  the  Lorkh  variety  was  homogenized  at 
a  temperature  of  0°  and  extracted  with  a  five-fold  volume  of  96% 
alcohol  for  2  hours  at  room  temperature.  Then  after  centrifugation 
at  8000  rpm  for  30  minutes . and  removal  of  the  alcohol  in  a  vacuum 
the  extract  was  diluted  in  sucrose -buffer  solution.  The  substances 
extracted  from  50  g  of  tissue  were  contained  in  the  10  ml  of  the 
original  extracts  which  were  obtained.  The  effect  of  these  sub¬ 
stances  on  thymus  nuclei  was  studied. 


The  original  extracts  were  diluted  40  times  and  incubated 
with  isolated  thymus  nuclei  for  30  minutes  at  30°  (10  ml  of  diluted 
extract  with  5*10*  nuclei). 

As  seen  from  the  data  obtained  (Table  2),  at  large  dilutions 
the  xtracts  from  the  control  tubers  do  not  have  an  effect  on  the 
fluorescence  of  the  nuclei  in  the  presence  of  AO,  whereas  extracts 
of  irradiated  tubers  imitate  the  picture  of  radiation  lesion  of 
the  nuclei. 

TABLE  2 

Increase  in  Fluorescence  of  Nuclei  From  the 
Effect  of  Extracts  of  Potato  Tubers  Irradiat¬ 
ed  With  a  Dose  of  50  Curies  in  the  Presence 
of  AO 


Extract 

i 

Kuubar  of 
Bxpariautita 

1  -  1 

tocftii# 

in  ttaoreacemce 
(of  control) 

1 

R.  liability 

i  djffaraira. 

From  irradiate*4  potato  tubers 

22  ' 

Ul  .*±3.! 

<0,001 

From  un irradiated  potato  .'ctxr* 

22 

i00,0±2,5 

<0.001 

Fran  an  irradiated  ;st«to  traatad 

with  Mcc  bic  acid  (I  m(  Herbie 
acid  jet  ml  of  origami  extract) 

5 

J13,7±54r 

<0.01 

The  preliminary  addition  of  ascorbic  acid  to  the  extracts 
(the  reduction  of  c-quinones  to  o-phenols)  considerably  decreases 
the  fluorescence,  which  confirms  the  dependence  of  the  observed 
effect  or  o-quinones  or  semiquinones. 

An  attempt  was  made  to  increase  the  content  of  o-quinones  in 
the  organism  by  injecting  massive  doses  of  adrenaline  into  the  rats. 
As  is  known,  when  adrenaline  is  injected  into  the  organism  it  is 
rapidly  broken  down  with  the  formation  of  products  of  quinoid  na¬ 
ture,  in  particular,  the  o-qulnone  of  adrenochrome  [8,9].  100  micro¬ 
grams  of  adrenaline  per  100  g  of  animal  weight  was  injected  into 
rats  intra-abdominally .  This  amount  exceeds  by  many  hundreds  of 
times  the  physiological  discharge  of  adrenaline  from  the  adrenal 
depots  during  stress  reactions  [10,  11].  The  nuclei  were  removed 
10-15  minutes  after  the  effect.  As  seen  from  Table  3*  such  an  ef¬ 
fect  leads  to  an  analogous  reaction  of  the  thymus  nuclei,  which 
serves  as  further  proof  of  the  correctness  of  the  indicated  assump¬ 
tions. 

An  Increase  in  o-quinones  in  the  liver  of  irradiated  rats  in 
comparison  with  the  control  was  established  earlier  (see  this  col¬ 
lection,  page  37).  It  is  interesting  to  verify  whether  the  investi¬ 
gated  extracts  of  the  liver  of  irradiated  rats,  like  extracts  of 
Irradiated  potato  tubers,  possess  radiomimetlc  properties.  For  this, 
a  rat  was  irradiated  with  a  dose  of  2  curies  (the  o-quinone  content 
of  rat  liver  at  this  dose  4  hours  after  Irradiation  increases  almost 
two-fold  in  compiipison  with  the  control}  see  this  collection,  page 
37). 

Extracts  of  the  liver  were  obtained  15  minutes,  4  and  24  hours 
after  Irradiation.  Then  they  were  incubated  at  a  20-fold  dilution 
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under  the  same  conditions  as  the  extracts  of  potato  tubers  with 
isolated  nuclei. 

The  data  on  fluorescence  are  presented  in  Table  4. 

TABLE  3 

Increase  in  Fluorescence  of  Nuclei 
After  In  Vivo  Injection  of  Adrena¬ 
line  in  a  Dose  of  100  Micrograms 
per  100  g  of  Animal  Weight 


Exp.  No. 

J  Experimental 

ref.  unit* 

i 

Ai‘J.  ‘iuitK  | 

*• 

■ ,  (uf  control) 

1 

1 

30 

37 

123,3 

2 

30 

38 

126,7 

3 

29 

37 

127,6 

4 

3! 

38 

122,6 

$ 

36 

46 

127,8 

Average 

| 

— 

125,5±1,2 

Note.  Reliability  of  difference 

p  <  0.01. 


[  TABLE  H 

f  Increase  In  Fluorescence  of  Nuclei  From  Effect 

of  Extracts  of  the  Liver  of  Rats  Irradiated 
With  a  Dose  of  2  Curies  in  the  Presence  of  AO 


Extract 

Number  of 
experiment  • 

Ir.cn'tnc  | 
In  fluorescence 
K  rcfcUrvl) 

Reliability 
of  difference,  r 

Of  Uv.r  of  im)rrsdtM«<f  r.'.c  (control) 

Prom  Uv.r  of  rats  altar  irradiation 

9 

100,0±2,2 

<0,001 

Aftar  IS  min 

9 

U9.0±.,i» 

<0,03 

Aftar  4  hour. 

9 

148,6±5,4 

<0,001 

Aftar  24  hour. 

4 

170,0±4,3 

1 

<0,01 

These  results  clearly  indicate  the  radiomimetic  effect  of  ex¬ 
tracts  from  the  liver  of  irradiated  rate. 

The  studies  which  were  carried  out  show  that  the  change  in 
the  fluorescence  of  thymus  cell  nuclei  in  the  presence  of  AO  which 
develops  rapidly  after  total  irradiation  of  the  rats  can  be  fully 
explained  by  the  formation  of  radictcxJns  of  qulnoii  nature  in  the 
Irradiated  cells. 

The  data  obtained  are  in  full  accord  with  the  results  of  ex¬ 
periments  (see  this  collection,  page  53)  whicn  showed  rapi  sorp¬ 
tion  of  o-quinones  by  native  nuclei  in  in  vitro  experiments. 
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THE  FORMATION  OF  COMPLEXES  WITH  THE  TRANSFER  OF  A  CHARGE  BETWEEN 
NUCLEOTIDE  BASES  AND  TETRACH LORO-p-BENZOQUI NONE 

A.M.  Kuzin,  N.P.  Korolev  and  E.A.  Burshteyn 
( Institute  of  Biophysics  USSR  Academy  of  Sciences) 


The  detected  and  studied  (see  this  collection.  Pages  4,  18 
and  28)  participation  of  oxidation  products  of  phenolic  substances 
—  the  quinones  —  in  the  radiobiological  effect  has  a  clearly  uni¬ 
versal  character  since  it  has  been  demonstrated  by  irradiating 
plants,  animals  and  micro-organisms.  In  the  light  of  this  work, 
an  investigation  of  the  mechanism  of  interaction  of  the  quinones 
with  biologically  important  compounds  which  regulate  and  direct 
biological  processes  seems  of  interest.  The  range  of  substances 
which  can  enter  into  an  interaction  with  quinones,  as  well  as  the 
nature  and  conditions  of  this  interaction  can  be  outlined  in  an 
examination  of  the  structure  and  reaction  capacity  of  the  quinones. 

In  the  quinone  molecule  the  oxygen  and  carbon  atoms  are  Join¬ 
ed  by  a  ir  bond,  which  Is  partially  polarized,  that  is,  the  elec¬ 
trons  forming  it  are  shifted  in  the  direction  of  the  more  negative¬ 
ly-charged  oxygen  atoms,  and  the  electron  densities  of  the  conjugat 
ed  system  of  ir-electrons  of  the  aromatic  ring  are  shifted  in  the 
direction  of  the  oxygen  atoms.  Nucleophilic  substitution  reactions 
are,  as  is  well-known,  a  common  property  of  compounds  containing 
electron  acceptor  groups.  In  an  examination  of  nucleophilic  sub¬ 
stitution  at  unsaturated  centers  [1],  it  has  been  shown  that  it 
differs  radically  from  nucleophilic  substitutions  at  saturated 
oenters  in  the  existence  of  an  intermediate  complex  and  can  be 
described  by  the  following  reactions  (cited  from  Bannet  [1]  in 
simplified  form) : 


where  X  is  the  substituted  group,  Y  is  the  substituent  group  and 
I  is  the  intermediate  complex. 


-  66  - 


"Any  degree  of  binding  of  a  carbon  atom  (substituting  group 
-  our  notes)  must  be  accompanied  by  a  rupture  either  of  the  bond 
with  the  replaceable  group  or  of  the  n  bond  of  the  unsaturated 
system"  [1]*  In  the  latter  case  the  negative  charge  of  the  nucleo¬ 
phile  is  placed  somewhere  within  the  limits  of  the  unsaturated(ac- 
ceptor)  iwsystem,  but  "not  at  the  reaction  center"  [1]..  Some  ex¬ 
penditure;  of  energy  is  necessary  in  order  to  displace  the  charge, 
however,  it  is  decreased  if  substituents  which  draw  off  the  elec¬ 
trons  are  present,  which,  in  the  case  of  qulnones,  are  carbonyl 
groups*  In  accordance  with  the  concept  developed  by  Bannet  [1], 

the  structure  of  the  intermediate 
x  x  complex  can  be  depicted  in  two 

I  i  ways:  1)  the  bonding  of  the  nu- 

A  cleophile  with  the  unsaturated 

/fcf  system  of  ir-eleetrons  is  carried 

(\y\  (|  out  locally  somewhere  close  to 

1  I  the  reaction  center  (Pig.  la); 

1  11- J )  2 )  the  bonding  of  the  nuclep- 

X/  phile  is  carried  out  directly 

V  v  with  the  unsaturated  system  of 

a  b  tr-electrons  (Pig.  lb). 


Pig.  1.  Structure  of  inter-  Thus,  the  intermediate  corn- 

mediate  complexes  during  nu-  plex  I  is  clearly  a  molecular  v- 
cleophilic  substitution.  complex  of  the  original  substance 

and  the  nucleophile  which  is  form¬ 
ed  through  overlapping  of  the  nu¬ 
cleophile's  donor  orbit  and  the 
replaceable  conqpound's  acceptor 

orbit.  Consequently,  in  the  nucleophilic  substitution  of  qulnones 
the  intermediate  stage  can  be  molecular  complexes  with  the  trans¬ 
fer  of  a  charge,  which,  possibly,  will  be  stable,  particularly 
when  the  qulnones  interact  with  aromatic  molecules  possessing  a 
donor  system  of  ir-electrons,  namely,  with  aromatic  amines,  phenols 
and  others  [2,3].  SJent-Oeorgi  [4]  indicates  the  biological  impor¬ 
tance  of  reactions  of  this  type. 

During  the  formation  of  the  complex  a  partial  transfer  of 
one  of  the  donor's  electrons  to  the  acceptor’s  orbit  takes  place. 

In  the  case  in  which  the  donor  has  a  sufficiently  low  ionisation 
potential  and  that  of  the  acceptor  is  very  high,  complete  trans¬ 
fer  of  the  electron  with  the  formation  of  two  ion-radicals  can 
ocour.  The  degree  of  electron  transfer  depends  on  the  polarity  of 
the  medium:  more  polar  conditions  promote  strong  electron  trans¬ 
fer  with  subsequent  division  into  ion-radioals  [4],  Proteins,  as 
is  known,  contain  nonpolar  side  ehains,  in  individual  eases  uo 
to  49$  of  the  total  number  of  side  groups  (35$  on  the  average) 

[53.  As  a  result  of  this,  the  protein  environment  beoemes  suffi¬ 
ciently  hydrophobic  which,  in  particular,  was  shown  by  spsotral 
methods  [6,7] .  Under  oellular  conditions  the  interaction  of  qui- 
nones  with  various  compounds  takes  plsos  in  a  protein  environment, 
therefore  reactions  inherent  to  nonpolar  conditions  can  preoominata 
in  the  interaction  of  qulnones  with  cellular  components,  particular¬ 
ly  with  nuoleic  adds  which  are  present  in  cells  mainly  in  ths  fora 
of  nucleoprotelns . 
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The  possibility  of  the  reaction  of  quinones  with  nucleotide 
bases  is  most  interesting.  The  interaction  of  tetrachloro-p-benzo- 
quinone  with  guanine,  guanosine,  cytidine  and  xanthine  at  various 
polarities  of  the  medium  was  studied  as  a  model  system  in  the  pre¬ 
sent  work. 

In  the  firai  series  of  experiments  the  absorption  spectra  of 
lO-’-lO"1*  M  solutions  of' tetrachloro-p-benaoquinorie  (chloranil)  and 
nucleotides  in  50Jt  ethyl  alcohol  with  1/15  M  phosphate  buffer  (pH 
7.0)  were  recorded  in  the  course  of  heating  the  solutions  at  50°. 
The  measurements  were  made  on  an  SF-10  spectrophotometer. 

In  the  second  series  of  experiments  chloranil  and  guanine 
were  incubated  at  38°  for  10-12  hours  in  different  solvents:  sample 
No.  1  in  a  mixture  of  methyl  alcohol  and  phosphate  buffer  (pH  7-0, 
1/15  W),  (1:1) ;  No.  2  -  in  a  mixture  of  ethyl  alcohol  and  phosphate 
buffer  (1:1);  No.  3  -  in  n-amyl  alcohol:  No.  4  in  a  mixture  of  n- 
butyl  alcohol  and  phosphate  buffer  (1:3);  No.  5  in  chloroform;  No. 

6  in  carbon  tetrachloride;  No.  8  in  n-propyl  alcohol  and  sample 
No.  9  in  a  mixture  of  acetone  and  phosphate  buffer  (1:1).  All  the 
incubations  were  carried  out  in  an  excess  of  the  solid  phases  of 
the  reagents.  The  product  which  interested  us  was  carefully  washed 
from  the  excess  of  unreacted  substances  on  a  No.  4  glass  filter 
with  the  appropriate  solvents.  In  a  number  of  cases  after  washing 
the. visible  and  ultraviolet  spectra  of  the  solvent  was  recorded  in 
order  to  make  sure  the  unreacted  reagents  were  removed. 

In  order  to  obtain  sample  No.  7  xanthine  and  chloranil  were 
Incubated  in  a  mixture  of  ethyl  alcohol  and  phosphate  buffer  (1:1) 
for  12  hours,  after  which  the  solution  was  separated.  The  residue 
which  precipitated  upon  cooling  to  room  temperature  was  separated 
from  the  solution  and  examined. 


Infrared  [IR]  (UK)  spectra  were  recorded  on  a  UR-10  apparatus 
in  liquid  petrolatum.;  electron  paramagnetic  resonance  [EPR]  OHP) 
spectra  were  recorded  on  an  EPR-spectrometer  at  the  temperature  of 
liquid  nitrogen  without  evaouatlon. 


.  In  the  first  series  of  experiments  the  interaction  of  ohlor- 
anil  with  guanosine  and  cytidine  was  studied .  After  heating  the 
chloranil  with  the  nucleotide  at  a  temperature  of  50°  for  20  min¬ 
utes  or  more  the  appearance  of  new  absorption  bands  with  maxima 
at  5t0  and  550  my  for  guanosine  and  cytidine,  respectively  was 
found.  An  absorption  band  In. this  region  also  appeared  from  heat¬ 
ing  a  solution  of  ohloranll  alone  for  a  longer  tlme(more  than  1  hour) 
and.  In  our  opinion,  oorresonded  to  a  hydrolysis  product  of  ohloranll 
-  ohloranlllc  aoid  (2,5-dihydroxy-3,6-dichlorb-p-bensoqulnone  or 
3,$-dihydroxy-2,$-diohloro-p-bensoqulnone)  which  absorbs  In  this  re¬ 
gion  (maximum  536  ay)  [8].  It  is  possible  that  the  observed  speotra 
belong  not  to  ohloranlllc  acid  Itself,  but  to  Its  derivatives  re¬ 
placed  at  soae  position  by  the  nucleotide.  It  has  not  been  excluded 
that  in  the  latter  ease  the  formation  of  a  molecular  complex  between 
the  nucleotides  and  ohloranll  as  an  intermediate  product  might  occur, 
ghls  coaplex  possibly  is  dissociated  Into  ion-radicals  as  a  result  of 
high  polarity  of  the  aedlua  with  a  relatively  larger  yield  than  in 
nonpolar  solvents .  This  assumption  Is  confirmed  by  the  faot  that  un¬ 
der  such  conditions  In  the  reaction  of  chloranil  with  nucleotide  bases 
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EPR-signals  were  found  [93.  In  this  work  th«  observed  appearance 
of  absorption  bands  in  approximately  the  same  region  as  found  by 
the  authors  of  the  present  article  is  explained  by  the  formation 
of  a  molecular  complex  between  ehloranil  and  nucleotide  bases. 
However,  on  the  basis  of  the  aforesaid,  it  is  possible  to  inter¬ 
pret  this  phenomenon  as  a  result  of  a  far  reaching  chemical  reac¬ 
tion  with  the  formation  of  chioranilic  acid  and  its  complexes . 

In  the  second  series  of  experiments  the  interaction  of  chlor- 
anil  with  guanine  was  studied  at  38°  for  10-12  hours  in  different 
solvents  in  an  excess  of  the  undissolved  phase  of  both  components. 
The  product  obtained  was  carefully  washed  off  from  the  unreacted 
original  substances  and  studied  by  methods  of  EPR  and  IR  spectro¬ 
scopy.  The  appearance  of  an  EPR-signal  clearly  indicates  the  for¬ 
mation  in  this  system  of  complexes  with  the  transfer  of  a  charge. 


Chi  cr  anil  m  w  mm  m  m  m  * 

i  \l  \l  u  i/Vw  \r\j\j 
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Pig.  2.  IR-spectra  of  samples  in  the  region  of 
absorption  of  carbonyl  groups. 


The  IR-spectra  of  chloraiiil  and  the  product  obtained  in  the 
absorption  region  of  carbonyl  groups  is  shown  in  Fig.  2.  As  is 
known,  the  position  of  the  absorption  band  of  carbonyl  groups  de¬ 
pends  on  the  polarity  of  the  C  ■  0  bond;  with  a  decrease  in  polar¬ 
ity  the  frequency  of  the  absorption  decreases  [10].  This  follows, 
in  particular,  from  work  [11]  in  which  it  was  shown  that  the  fre¬ 
quency  of  the  absorption  band  of  the  C  ■  0  groups  of  qulnones  de¬ 
creases  with  an  increase  in  the  effective  electronegativity  of  the 
carbonyl  C-atoms.  As  seen  in  Pig.  2,  on  interaction  with  guanine, 
splitting  of  the  absorption  bands  of  ehloranil *s  carbonyl  groups 
occurs;  a  majority  of  the  newly  formed  lines  is  shifted  to  a  lower 
frequency  region  in  comparison  with  ehloranil.  This  is  characteris¬ 
tic  of  samples  obtained  from  nonpolar  or  low  polar  solvents  (Sam¬ 
ples  No.  3,  5,  6  and  8).  It  is  interesting  to  note  that  sample  No. 
4,  obtained  from  a  mixture  of  n -butyl  aloohol  and  phosphate  buffer 
(1:3)  did  not  show  splitting.  It  is  assumed  that  the  changes  in 
the  IR-spectra  of  the  samples  obtained  which  are  observed  in  this 
work  in  the  region  of  absorption  of  carbonyl  groups  are  caused  by 
the  partial  location  of  the  electron  transferred  with  the  donor 
(guanine)  in  the  collectivised  orbit  of  the  v -electrons  of  ehlor¬ 
anil  in  positions  which  have  a  different  effect  on  the  polarity 
of  the  C  ■  0-bonds;  this  causes  splitting  of  the  absorption  band, 
in  whioh  lines  with  a  higher  frequency  correspond  to  a  location 
which  oauses  a  small  decrease  in  the  polarity  of  the  bonds,  and 
lines  with  a  lower  frequency  to  a  looatlon  whioh  strongly  decreas¬ 
es  the  polarity  of  the  bond.  With  a  location  in  the  region  of  an 
oxygen  atom,  an  lnoreaae  in  the  bond's  polarity  could  ocour  with 
a  corresponding  increase  in  the  frequency  of  absorption.  Shis  is 
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Pig.  3.  EPR-spectra  of  samples.  K  -  index  of  intensification  (each 
degree  of  intensification  increases  the  sensitivity  two-fold) .  Sam 
pies  No.  1,  2,  3,  4,  5,  7  and  9  had  the  following  weights,  respec¬ 
tively:  24.9,  37.8,  41.1,  16.7,  20.1,  0.9  and  37.8  mg. 


somewhat  reminiscent  of  the  splitting  of  the  absorption  frequency 
of  the  carbonyl  band  of  chloroacetone  during  the  formation  of  rota¬ 
tional  isomers  which  received  a  similar  explanation  [12]. 


In  polar  solvents  (samples  No.  1,  2,  4  and  9)  the  formation 
of  a  oomplex  could  be  accompanied  by  strong  electron  transfer,  possi¬ 
bly  even  with  the  formation  of  ion-radicals  of  guanine  and  chlor- 
anil.  Data  from  a  study  of  the  EPR-speotra  (Fig.  3)  confirm  this 
assumption,  since  in  samples  obtained  from  polar  solvents  the  number 
of  unpaired  electrons  was  higher  (of  the  order  of  10 ,,-10Ii  per  g) 
than  in  samples  from  nonpolar  solvents.  As  seen  from  Fig.  3,  the 
signals  are  asymmetric  (half  width  of  approximately  7-8 Oe,  which  In¬ 
dicates  the  possible  presence  of  unresolved  fine  structure.  It 
should  be  noted  that  the  EPR-speotra  of  complexes  with  charge  trans¬ 
fer  known  from  the  literature  [133  also  have  the  form  of  asymmetric 
singlet  bands  sometimes  containing  against  the  background  of  a  large 
singlet  a  narrower  (less  than  10e)  small  signal  shifted  in  the  direc¬ 
tion  of  large  values  of  the  f-faotor.  Samples  No.  6  and  8  produced 
very  weak  signals  on  the  borderline  of  the  equipment's  sensitivity 
with  a  number  of  radicals  less  than  10 **  per  g. 


Guanine  is  the  best  donor  of  the  nucleotide  bases*  due  to 
whloh  it,  more  than  the  other  bases*  tends  toward  Interaction  with 
qulnones;  xanthine  is  the  worst  donor  among  the  nuoleotlde  bases. 

It  seemed  of  Interest  to  verify  the  possibility  of  the  formation  of 
a  complex  of  xanthine  with  ohloranll.  As  seen  from  Fig.  3  (sample 
No,  7),  the  product  of  their  Interaction  also  gives  an  EPR-signal, 
that  Is*  xanthine  reacts  with  ohloranll*  similarly  to  guanine* 
with  the  formation  of  a  moleiular  oomplex*  but*  probably*  with  a 
smaller  yield  (whloh  is  Indicated  by  the  lower  Intensity  of  the  EPR 
sijpial)  in  comparison  with  the  guanine  oomplex  obtained  under  the 
same  conditions. 


The  ability  of  the  qulnones  to  lnteraot  with  nuoleotlde  bases 


can  have  a  great  effect  on  a  number  of  cellular  processes.  Those 
changes  which  may  be  caused  by  this  interaction  in  the  synthesis 
and  metabolism  of  the  nucleotide  bases,  nucleotides  and  nucleotide 
phosphates  will  not  be  considered  here,  but  only  certain  results  of 
this  reaction  of  the  quincr.es  with  nucleoide  bases  which  are  part 
of  the  nucleic  acids  which  deal  with  the  realization  of  genetic 
information  will  be  examined. 

A  chemical  change  in  the  matrix  of  desoxyribonucleic  acid 
[DNA]  (HHK)  (the  inclusion  of  analogues  of  the  bases,  nucleophlic 
substitution  with  alkylating  agents,  the  effect  of  free  radicals, 
etc.)  can  have  one  of  two  consequences  -  either  the  DNA  molecule 
can  lose  the  capacity  for  reduplication  or  this  change  may  only 
disturb  the  correct  reading  of  the  sequence  of  nucleotide  bases 
from  DNA  to  informational  ribonucleic  acid  [I-RNA]  (M-PHK) .  The 
first  possibility  is  achieved  evidently  from  the  effect  on  DNA  of 
bifunctional  alkylating  agents  which  form,  as  is  believed  [1*1]* 
cross  bonds  -  cross  llnklng3  of  neighboring  DNA  molecules.  Some 
qulnones  can  also  have  such  an  effect  on  DNA  at  a  sufficiently 
high  concentration  in  virtue  of  their  similarity  to  poly functional 
alkylating  agents.  This  type  of  effect  leads  to  death  of  the  cells 
during  the  mitotic  process  [153.  In  this  case,  the  appearance  of 
mutations  should  not  be  expected  since  the  cells  in  which  DNA  was 
subjected  to  such  a  strong  effect  do  not  produce  progeny.  An  inter¬ 
mediate  stage  in  the  alkylating  effect  of  qulnones  on  DNA  —  the 
formation  of  a  molecular  complex  with  nucleotide  bases  (shown  in 
the  present  work)  -  is  accomplished  through  the  transfer  of  one 
electron  without  the  formation  of  a  chemical  bond  in  the  commonly 
accepted  sense.  Since  only  one  donor  molecule  (a  nucleotide  base) 
participates  in  the  formation  of  the  molecular  complex,  the  DNA 
molecule  can  retain  its  matrix  properties.  However,  a  change  in 
the  electron  configuration  of  the  nucleotide  base  during  the  forma¬ 
tion  of  the  complex  can  be  the  cause -of  a  disturbance  in  the  read¬ 
ing  process.  This  disturbance  can  consist  in  Improper  (erroneous) 
reading  at  the  site  of  th*  complex  formation  or  in  blooklng  further 
reading  in  this  segment.  In  the  first  case  the  appearance  of  point 
mutations  can  be  expected;  In  the  second,  the  result  of  not  reading 
whole  segments  of  DNA  molecules  is  genomic  mutations.  In  evaluating 
the  relative  Importance  of  these  two  processes  -  the  formation  of  a 
moleoular  complex  and  nucleophilic  substitution  -  it  must  be  consid¬ 
ered  that  DNA  molecules  are  bound  in  the  cell  with  proteins  which 
evidently  take  upon  themselves  the  "first  blow”  of  the  qulnones, 
entering  Into  Interaction  with  them.  Such  a  protective  effect  from 
natural  alkylating  compounds  penetrating  into  the  cells  may  be  one 
of  the  functions  of  the  nuclear  proteins.  Only  after  penetration 
through  the  protein  defenses  [omission  in  original)  the  inter¬ 
action  of  the  qulnones  with  the  nucleotide  bases  of  DNA. 

Thus,  the  mechanism  of  the  mutagenic,  fungicidal  and  antiviral 
aotlon  of  the  qulnones  [16-13]  can  be  explained  by  the  interaction 
of  these  substances,  in  particular,  the  qulnones,  with  the  nucleo¬ 
tide  bases  of  the  DNA  molecule. 

During  the  formation  of  complexes  of  the  qulnones  with  nucleo¬ 
tide  bases  of  I-RNA  mistakes  can  occur  in  the  assemblage  of  proteins 
from  amino  acids  which,  of  course,  are  not  of  a  genetic  character, 
but  affect  cell  metabolism  and  lead  to  the  synthesis  of  ensymss  with 
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altered  activity  or  specificity  or  devoid  of  a  control  mechanism. 

The  formation  of  molecular  complexes  between  the  nucleotide 
bases  and  tetrachloro-p-benzoquinone  shown  in  the  present  work  car. 
also  have  general  significance  for  the  qulnones  which  form  during 
the  Irradiation  of  organisms,  which  makes  the  continuation  of  simi¬ 
lar  studies,  but  with  natural  analogues  of  the  o-qulnones,  extreme¬ 
ly  interesting. 
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THE  EFFECT  OF  RADIOTOXINS  ON  DESOXYRIBONUCLEIC  ACID  SYNTHESIS 

IN  PLANTS 

V.I.  Tokarskaya,  V.A.  Kopylov  and  S.K.  Mel'nikova 
(Institute  of  Bio  phyeioe  USSR  Academy  of  Soienoee ) 


A  change  In  the  native  state  of  desoxyribonucleic  acid  [DNA] 
(AHK)  Is  the  principal  cause  of  the  development  of  genetic  and 
somatic  radiation  lesions  of  cells  [1,31* 

In  spite  of  LI* 8  hypothesis  [4]  that  these  changes  in  DNA  are 
caused  only  by  a  direct  hit  of  Ionising  particles  on  DNA  molecules, 
at  the  present  time  more  and  more  data  are  being  accumulated  which 
speak  of  the  possibility  of  the  development  of  analogous  changes  In 
DNA  by  a  second  means  -  from  the  effect  of  changed  metabolites  ap¬ 
pearing  in  a  cell  or  tissues  of  an  irradiated  organism  C5— 73 . 

It  has  been  shown  in  previous  investigations  [8-11]  that  in 
an  irradiated  plant  organism  not  only  is  DNA  synthesis  inhibited, 
but  also  during  residual  DNA  synthesis  the  inclusion  of  thymine  is 
clearly  decreased  and  DNA  is  synthesised  with  a  changed  ratio  of 
specific  activities  of  adenine  and  thymine  (A/T).  It  appears  that 
it  is  possible  to  explain  this  phenomenon  both  by  the  direct  action 
of  radiation  on  the  DNA-matrix  and  by  the  effect  of  the  radiotoxins 
[RT]  (PT)  which  form  on  DNA  synthesis*  To  resolve  this  question,  it 
is  of  interest  to  determine  whether  DNA  synthesis  will  change  in 
plants  from  the  effect  of  isolated  RT  just  as  from  the  effect  of 
direct  irradiation.  The  present  study  has  been  demoted  to  this. 

Radiotoxins  were  extracted  from  Irradiated  potato  tubers  of 
the  "Lorkh*  variety  which  were  first  subjected  to  t-irradiation 
from  a  Csl,r  source  in  a  dose  of  15  curies  at  a  dose  rate  of  the 
irradiation  of  700  r/mln.  24  hours  after  Irradiation  the  tubers 
were  chilled  and  the  ekln  removed  (only  the  middle  part  of  the 
tuber  was  used  in  the  experiment).  The  potato  pulp  was  extracted 
wltn  ethyl  alcohol  (1:3)  in  the  cold.  The  extract  was  concentrated 
under  vacuum  at  a  temperature  of  30°  until  the  alcohol  was  complete¬ 
ly  removed.  Simultaneously,  a  similar  preparation  was  made  from  un- 
lrradlated  tubers  (control  II,  see  below).  To  determine  the  RT  ac¬ 
tivity  in  the  obtained  extracts  a  series  of  dilutions  of  the  origi¬ 
nal  extracts  was  prepared  and  pea  seeds  of  the  "Pobedlte?*  variety 
were  moistened  in  them.  Extracts  in  a  dilution  of  1:5  which  in  the 
experimental  samples  retarded  pea  growth  by  505  and  in  the  controls 
hardly  had  an  inhibitory  effect  were  used  In  the  experiments. 


Three-day  germinants  of  a  radiosensitive  pea  variety  (*Pobeditel'M) 
were  used  to  determine  the  effect  of  HT  on  DM  synthesis ,  The  gerroi- 
nants  were  divided  into  three  parts  (X50  specimens  each) .  The  firct 
part  was  placed  with  the  roots  in  tap  water  (Control  I),  the  second 
in  an  extract  of  unirradiated  tubers  ( Control  II)  nnd  the  third  in 
an  extract  of  irradiated  tubers  (experimental)* 

After  the  plants  were  kept  under  the  indicated  conditions  for 
5  hours,  the  germinants  were  transferred  to  tap  water  and  after  12 
hours  were  placed  in  an  illuminated  chamber  with  radioactive  C  .0* 
fbr  labeling  of  newly  synthesised  DNA  under  conditions  described 
earlier  [13J*  After  24  hours  in  an  atmosphere  with  radioactive  car¬ 
bon  dioxide,  the  plants  were  extracted,  homogenized  and  after  deter¬ 
mination  of  the  total  radioactivity  of  the  homogenate  the  DNA  was 
extracted  from  It  by  the  Schmidt  and  Tanhauser  method*  The  specific 
activity  of  the  extracted  DNA  was  determined  before  its  hydrolysis 
With  hydrochloric  acid  by  Wyatt's  £l4]  method  and  the  bases  obtained 
were  separated  quantitatively  by  paper  chromatography,  as  described 
previously  [9].  The  adenine,  thymine,  guanine  and  cytosine  spots 
were  eluted,  the  amount  of  the  bases  was  determined  from  the  ults-a- 
, Violet  absorption  on  an  SF-4  apparatus  and  their  specific  activity 
on  a  B-2  unit.  "  ;  .  S  , 


Change  in  DNA  synthesis  in  pea  germinants.  I)  From  the  effect  of 
extracts  of  unirradiated  tubers j  II)  after  direct  irradiation 
with  y-raya  in  a  dose  of  10  curies.  1)  Control,  A/T >  l.Cj  2)  ex¬ 
tract  of  unirradiated  tubers,  A/T  *  1.0;  3)  exbraofc  of  irradiated 
tubers,  A/T  •  1.8}  4)  y-rays  in  a  dose  of  to  curies,  A/T  •2.7; 


X)  Variants1 

\\  S!IiinCiU^?n  in  plant  tissue»  imp/ (min* mg) 
ll  Iiel?  °f  DNA  per  100  S  of  tissue,  mg 
*0  Specific  activity  of  DNA 

5)  imp/(min*mg) 

6)  f  (of  control) 

8)  Adenine0 [Al^C A) ty  °f  nitrosenou8  bases  of  DNA»  imp/Cmin •millimole) 

9)  Thymine  [T]  (T) 

10)  Quanine  [a]  (r) 

11)  Cytosine  [c]  (a) 

12)  Ratio  of  specific  activities 

13)  Q/C  (r/u) 

1*0  Experiment 

15)  Control 

16)  Experimental 


®ie  experiments  were  repeated  three  timer  with  the  same  results, 
wilch  are  presented  in  the  figure  (average  data)  and  in  the  table. 

As  was  shown  earlier  [15],  the  RT  under  investigation,  similar- 
ly  to  direct  irradiation,  sharply  inhibited  plant  growth.  The  inclu¬ 
sion  of  CO*  during  photosynthesis  which  as  is  well-known,  is  rela- 

to  the  effect  of  radiation  hardly  changed  under 
the  influence  of  RT  (as  is  seen  from  the  second  column  of  the  table). 

I SP^ng,thf  a61®?*}  toalasl&n  of  C1*  carbon  in  the  plant  ma¬ 
terial,  the  inclusion  of  Cl%  in  DNA  was  inhibited  approximately  50* 
from  the  effect  of  RT  in  comparison  with  Control  II,  which,  as  is 
known,  is  also  characteristic  of  the  direct  effect  of  radiation. 

A  ls  interesting  to  note  the  considerably  smaller  yields  of 
^fA  from  plants  subjected  to  the  action  of  RT.  This  is  evidently  con¬ 
nected  with  its  partial  depolymerization,  which  is  always  observed 
in  working  with  directly  irradiated  plants. 

However,  the  change  in  the  ratio  of  the  specific  activities  of 
adenine  and  thymine  described  by  the  authors  is  the  most  specific 
for  the  effeot  of  radiation.  It  ls  seen  from  the  data  in  the  table 
that  an  analogous  change  is  observed  from  the  effect  of  RT.  It  is 
necessary  to  especially  emphasize  that  extracts  of  normal  potato 
tubers |  which  also  somewhat  inhibit  plant  growth  and  DNA  synthesis, 
oo^not  have  any  effeot  on  thymine  inclusion,  as  is  seen  from  the 

Thus,  the  investigation  whioh  has  been  conducted  showed  that 
RT  which  are  formed  in  irradiated  plant  tissue  not  only  cause,  simi¬ 
larly  to  direct  y-irradiation,  inhibition  of  DNA  synthesis  by  approx¬ 
imately  501  of  the  control,  but  also  have  an  effect  on  the  composi- 
t^on  of  newly  synthesized  DNA,  decreasing  its  thymine  oontent  (and 
accordingly  increasing  the  A/T  coefficient). 

results  obtained  from  literature  data  on 
the  inhibition  of  DNA  synthesis  in  the  presence  of  irradiated  oyto- 
plasm  (see  [16,17]  and  this  oolleotion,  page  *»9)  leads  to  the  con¬ 
clusion  that  such  a  process,  oharaoterlstlo  of  radiation  lesion, 
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Unwin. 


as  Inhibition  and  distortion  of  DNA  synthesis  is  explained  to  a 

considerable  measure  by  the  appearance  of  RT  in  irradiated  cells. 
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THE  EFFECT  OF  RADIOTOXINS  FROM  IRRADIATED  PLANTS  ON  ANIMAL 

ASCITES  CANCER  CELLS 

L.M,  Kryukova 

(Institute  of  Biophysics  USSR  Aoademy  of  Sciences) 


The  use  of  various  chemical  anticancer  preparations  Is  due 
to  their  action  primarily  on  tumor  cells  with  a  relatively  small¬ 
er  toxic  effect  on  cells  of  normal  tissues.  Therefore,  m  the  in¬ 
vestigation  of  such  preparations  chief  attention  is  paid  to  the 
difference  in  their  effect  on  cancer  and  normal  cells. 

On  the  other  hand,  it  is  well-known  that  tumor  tissue  is  more 
sensitive  to  the  action  of  ionizing  radiation  than  normal  tissues 
,df Ijishji  organism.  Modern  radiotherapy  of  malignant  neoplasms  is 
based  on  this  property.  Based  on  concepts  developed  above  (see 
this  collection,  page  *0  of  the  role  of  radiotoxins  [RT]  (PT)  in 
the  manifestation  of  the  radiation  effect,  it  is  natural  to  assume 
that  perhaps  RT  isolated  from  irradiated  tissues  will,  like  direct 
irradiation,  preferentially  inhibit  the  growth  of  tumor  oells. 

There  is  little  information  in  the  literature  at  present  on 
the  effeot  of  RT  on  malignant  tumor  cells.  For  example,  inhibition 
of  the  growth  of  Yoshlda's  sarcoma  tumor  tissue  by  certain  fractions 
of  extracts  from  the  liver  of  irradiated  animals  [13  and  inhibition 
of  the  growth  and  formation  of  neoroses  of  a  Brown-Pearoe  tumor  in 
rabbits  from  the  effeot  of  toxins  which  develop  an  a  result  of  high 
doses  of  ionising  radiation  [2]  has  been  reported.  Of  the  biologi¬ 
cal  properties  of  RT  forming  in  plant  tissue  after  its  irradiation 
with  a  dose  of  25  curies,  special  attention  was  paid  to  their  ef¬ 
fect  on  malignant  tumor  oells  [33.  In  a  study  of  RT  isolated  from 
irradiated  leaves  of  Vioia  fab  a  plants  it  was  shown  in  tissue  cul¬ 
tures  that  at  an  appropriate  dilution  they  completely  inhibit  the 
growth  of  tumor  tissue  -  Geren’s  oarolnoma,  in  a  somewhat  higher 
concentration,  leading  to  its  destruction,  whereas  cells  of  normal 
uterus  tissue  only  decreased  the  growth  ooefflolent  20-30$.  It  has 
been  shown  by  the  tissue-culture  method  [43  that  whereas  at  a  suit¬ 
able  dilution  RT  did  not  decrease  the  amounts  of  growing  heart, 
spleen,  lung  and  adrenal  explantates  and  only  somewhat  decreased 
(20-40$)  the  growth  of  liver,  lymph  node,  kidney  and  uterus  explan¬ 
tates,  these  RT  decreased  the  growth  of  a  Oeren’s  malignant  tumor 
by  86$. 
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The  strong  effect  of  plant  RT  on  tumor  cells  has  been  shown 
[5]  in  a  study  of  the  survival  of  a  suspension  of  tumor  tissue 
after  preliminary  action  of  RT  on  it .  Survival  with  respect  to  the 
control  (taken  as  100#)  fell  to  0#  for  sarcoma-45,  was  16.4#  for 
sarcoma-M-la  25#  for  Geren’s  sarcoma  and  51#  for  Jensen’s  sarcoma. 

The  results  of  a  study  of  the  effect  of  RT  from  irradiated  - 
plants  on  ascites  tumor  strains  are  presented  in  this  article.  y. 

The  test  extracts  were  prepared  from  various  plants:  bean 
( vioia  faba) ,  mint  ( Mentha  piperitae )  and  potato  tubers.  The  plant 
tissue  was  irradiated  in  a  GUPOS-2  cesium  apparatus  with  y -rays  in 
a  dose  of  25  curies  at  a  dose  rate  of  700  r/min.  24  hours  after  ir¬ 
radiation  extracts  of  these  plants  were  prepared.  An  extract  of  tin- 
irradiated  plants  was  similarly  prepared  (control).  The  extraction 
was  carried  out  with  96#  ethyl  alcohol  (1:5)*  After  extraction  the 
alcohol  was  removed  in  a  vacuum  at  35°,  and  the  aqueous  extract  < 
which  remained  was  brought  with  physiological  solution  to  1/10  of 
the  initial  volume. 

Ascitic  strains  of  rat  ovary  tumors  —  OT  (Ofl)  and  Ehrlich’s 
mouse  ascites  were  the  subjects  of  the  study. 

/ 

A  study  of  the  effect  of  extracts  on  ascites  strain  cancer 
cells  was  carried  out  both  in  vitro  and  in  vivo .  The  effect  of 
the  extracts  on  cancer  cells  was  examined  by  the  following  method. 

The  test  extract  was  added  to  a  suspension  of  ascites  cells  in  a 
proportion  of  1:1,  the  suspension  was  incubated  at  37°  tor  2  hours 
with  periodic  mixing.  After  incubation  the  preparations  were  treat¬ 
ed  with  congo  red.  In  this  case,  only  dead  and  injured  ceil* 
stained.  A  count  of  the  living  and  dead  cells  was  made  in  a  Go- - 
yayev  chamber. 

For  a  study  of  the  effect  of  the  extracts  on  the  mitotic  ac¬ 
tivity  of  ascites  cells  the  extracts  were  injected  into  the  tumor¬ 
ous  animals  intraperitonealiy  (1  ^lof  extract  on®*  * 

subcutaneously  (0.5  ml  daily  for  4-6  days).  Preparations  for  ooimt- 
ing  dividing  cells  were  made  by  fixing  the  smear  in  methyl  alcohol 
and  subsequent  staining  with  methylene  blue.  A  count  of  dividing 
cells  was  made  on  100  cells. 

The  effect  of  extracts  of  irradiated  plants  JJJit** 
in  vitro  was  studied  on  rat  ovary  tumor  cells  -  OT  and  on  Bhrlich  s 
mouse  oarcinomas.  Prom  eontaot  action  of  the 

cells  it  was  established  that  most  of  the  cells  Jls^withip  the  first 
hour.  The  results  of  the  studies  are  present ad  in  Table  1  and  in 

the  figure. 

As  seen  from  the  figure,  death  of  the  cells  ^allyjinw*M- 
es  in  proportion  to  an  increase  in  the  time  that  the  cancer  oells  are 
in  direct  oontsot  with  oxtraets  of  irradiated  plants. 
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TABLE  1 

Death  of  Cancer  Cells  Prom  the  Effect  of  Ex¬ 
tracts  of  Irradiated  Plants  (After  2  Hours  In¬ 
cubation) 


Time*  hours 

Death  of  Ehrlich* saacittsoar- 
oinoma  oells  from  the  ef foot  of 
extraots  of  potato  tubers.  — ) 
Control;  — «■»)  normal; 
irradiation. 
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TABLE  2 

Effect  of  Extracts  of  Irradiated  Mint  Plants 
on  Mitotic  Activity  24  Hours  After  Direct  Con¬ 
tact  With  Ascites  Cells  (Intraperitoneal  In¬ 
jection) 


I  •  MHstls  Mm 

■train 

Control 

Normal  1 

Irradiated 

Bhrtlch'*  aacltaa  . . 

'OT  MdtM . 

1,30+0.06 

3.6 

l.l±6.1 

0,40^:0,06 

TABLE  3 

Effect  of  Extracts  of  Irradiated  Bean  Plants 
( Viaia  faba )  on  Ehrlich's  Ascites  Cells  (Six 
Injections) 


Virliet 

Amranr  of 
aooltoa,  ml 

^eoi ww  mo 

mttoooo  % 

NWkn  of  oociua 
cotta  1*  t  ml 

Unbred  white  mice 
Control 

Normal  . 

Irradiated  . 

10,0 

10.3 

7.6 

3.S+0.4 

ufif 

1461  ICO 
040100 

106  MO 

Mice  OCW  SI 

Control  . 

Irradiated  . 

— 

1.0±0.t 
1.0+0. 3 

300000 

100600 

TABLE  4 

Effect  of  Extracts  of  Irradiated  Mint  Plants 
(fcentfca  piperita*)  on  Ascites  Cells  (Pour  In¬ 
jections) 


■train 

fmm 
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aaitt.if 
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mtH  trlb 

St  let  ■ 
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The  effect  of  the  extracts  on  the  mitotic  activity  of  cancer 
cells  was  studied  in  vivo :  the  extracts  were  injected  subcutaneous¬ 
ly  or  intraperitoneally  into  animals  infected  with  ascites.  In  the 
latter  case,  the  effect  of  the  extracts  was  examined  24  hours  after 
direct  contact  with  the  ascites  cells.  The  results  obtained  from 
lntraperltoneal  injection  are  presented  in  Table  2.  As  seen  from 
this  table,  extracts  of  irradiated  plants  in  24  hours  have  an  in¬ 
hibitory  effect  on  cell  division  (data  presented  in  Table  2  are 
the  results  of  three  experiments). 

It  was  established  from  subcutaneous  injection  of  the  extracts 
that  after  4-6  injections  not  only  is  cell  division  inhibited,  but 
the  total  amount  of  ascites  is  decreased  and  the  concentration  of 
cells  in  1  ml  of  ascites  fluid  is  decreased.  The  results  presented 
in  Tables  3  and  4  are  the  averages  of  three  experiments  (there  were 
10  animals  in  each  experiment). 

It  follows  from  the  tables  that  an  extract  of  irradiated 
plants  Inhibits  cell  division,  whereas  an  extract  of  unirradiated 
plants  differs  little  from  the  control.  It  was  observed  from  in  vivo 
use  of  the  extracts  that  at  the  concentrations  used  they  are  not 
toxic  for  the  animals:  the  mice  did  not  lose  weight  in  comparison 
with  the  control.  The  experiments  which  were  carried  out  show  that 
RT  from  irradiated  plants  inhibit  the  division  of  cancer  cells  and 
lead  to  their  death  both  in  vitro  and  in  vivo  which  can  be  of  in¬ 
terest  to  medicine. 
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THE  COMPARATIVE  EFFECT  OF  y-RAYS  AND  RADIOTOXINS  OF  QUINOID 
NATURE  OF  THE  GROWTH  OF  LOACH  ROE 

S.V.  Neustroyev,  V.6.  Kondratenko,  V.A.  Kopylov  and  A.M.  Kuzin 
(Institute  of  Biophysios  USSR  A  o  ads  my  of  Soisnoss) 


Developing  egg  cells  of  various  organisms  are  classical  sub¬ 
jects  for  Investigating  the  role  of  the  nucleus  and  cytoplasm  In 
general  radiation  lesion.  The  eggs  of  the  sea  urchin,  fruit  fly, 
and  Ichneumon  fly  Mdbrobraoon ,  frog  ova,  loach  roe,  silkworm  eggs 
-  this  is  a  far  from  complete  list  of  convenient  subjects  which 
are  widely  used  for  these  research  purposes  [1,2]. 

Irradiation  of  a  developing  egg  cell  leads  to  such  radiation 
effects  as  death,  cessation  of  growth  and  the  appearance  of  de forma- 
ties  and  anomalies  In  the  development  of  the  embryo.  A  sharp  change 
in  radiosensitivity  at  different  stages  of  development  Is  also  char¬ 
acteristic  of  a  developing  egg  coll. 

At  the  present  time  It  pan  be  considered  as  established  that 
all  these  phenomena  are  very  closely  connected  with  a  disturbance 
in  the  normal  entry  Into  the  cell  of  the  information  coded  In  the 
desoxyribonucleic  add  of  the  nucleoprotelns  and  with  a  change  in 
the  metabolic  interrelations  between  cellular  structures  Inter¬ 
relations  supporting  the  self-regulation  of  cellular  processes  [33. 
The  initial  mechanism  of  the  damage  to  unique  cell  structures  re¬ 
mains  unclear. 

The  struetural-metabolio  theory  of  the  biological  effect  of 
radiation  [33  ascribes  an  essential  role  in  the  radiation  injury 
of  a  cell  to  radiotoxins  [RT]  (PT)  which  are  formed  directly  in 
the  irradiated  cell  and  secondarily  affect  unique  structures  of  the 
nucleus. 

Whereas  classical  target  theory  (the  strike  theory)  allows 
injury  of  unique  nuclear  structures  only  through  a  direct  hit  by 
ionising  particles  [A],  the  struetural-meiabollo  theory  of  the 
biological  effect  of  radiation,  along  with  a  direct  effect,  al¬ 
lows  an  essential  role  In  radiation  injury  to  RT  which  also  form 
in  the  cell  through  primary  processes  and  secondarily  act  on  unique 
structures  of  the  nucleus  [5j*  To  confirm  these  assumptions  it 
seemed  of  Interest  to  determine  on  develc  lng  egg  cells  whether 
radiotoxins  of  qulnold  nature  Isolated  fr  a  an  Irradiated  organ! r a 
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imitate  direct  Y'lrradiat ion  not  only  in  a  qualitative,  but  also  in 
a  quantitative  respect . 

Loach  roef  Hiegumua  fbaaUis  L.,  which  have  been  well  studied 
in  a  radiobiological  respect,  were  used  as  the  subject  of  investiga¬ 
tion  C6 3 .  To  avoid  genetic  heterogeneity  of  the  spawners,  the  ovum 
for  each  series  of  experiments  was  taken  from  one  pair  of  loaches. 

On  the  night  before  the  experiments  in  order  to  mature  the  sexual 
products  the  females  were  injected  with  the  gonadotropic  hormone 
preparation,  chorlogonln,  and  Incubated  in  an  ultraincubator  at  a 
temperature  of  17-lo°.  Then  the  ovum  was  fertilized  with  the  male's 
testicular  fluid.  Incubation  of  the  ovum  was  carried  out  in  Petri 
dishes  at  a  temperature  of  20-21° .  Under  these  conditions  the  de¬ 
velopment  of  the  ovum  took  place  in  the  following  way  (we  shall  note 
only  certain  time  stages  to  which  we  will  refer  below):  0  hours  - 
fertilization,  1.5  hours  -  2  blastomeres,  2.5  hours  -  6  blastomeres, 
6-9  hours  —  bias tula,  10-19  hours  -  gastrula,  43  hours  -  tall  still 
does  not  reach  head.  It  is  most  convenient  (see  [6]  and  others)  to 
characterize  the  development  of  the  loach  ovum  in  hours;  therefore 
the  names  of  the  individual  stages  will  not  be  given  below,  but  the 
hours  of  development  corresponding  to  these  stages. 

The  unfertilized  ova  were  not  taken  into  account  in  the  experi¬ 
ments,  but  were  removed  in  the  blastulation  period.  Irradiation  of 
the  ova  was  carried  out  in  small  thin-walled  cups  3  cm  in  diameter 
in  the  OUPOS  and  RUP  apparatus. 

The  irradiation  conditions  were:  GUFOS  apparatus  with  a  Cs1*7 
emission  source  and  a  dose  rate  of  700  r/min;  RUP  apparatus  with  a 
voltage  of  210  v  and  a  current  strength  of  15  ma  without  a  filter 
with  a  dose  rate  of  3020  r/mln  at  a  distance  of  9  cm. 

The  radiotoxins  (quinones)  were  obtained  from  potato  tubers 
Irradiated  to  a  dose  of  15  curies  (see  this  collection,  page  73). 

At  the  sane  time  an  analogous  preparation  was  obtained  from  con¬ 
trol,  unirradiated  tubers.  Both  preparations  were  diluted  to  con¬ 
centrations  at  which  the  control  solution  did  not  have  an  effect 
on  the  object  under  investigation;  thus,  all  the  cited  effects  per¬ 
tain  only  to  suhstanoea  formed  as  a  result  of  irradiation,  that  is, 
to  AT  of  qulnoid  nature  (see  this  collection,  page  18),  The  prepare- 
.  tion*  were  stored  at  a  temperature  of  0°. 

Bate  curve** *  In  the  first  series  of  experiments  the  nature  of 
the  dote  curvet  was  studied  In  relation  to  death  of  the  embryos. 

The  ovum  was  irradiated  In  different  dose*  or  treated  with  various 
AT  concentrations  in  the  blaatulatlon  period  (B  blastoraere  stage) . 

A  total  of  four  series  of  experiments  were  set  up.  The  nature 
of  the  curvet  from  y -irradiation  and  the  effect  of  ST  were  senotypic 
in  each  aeries.  The  results  obtained  from  one  such  aeries  of  experi¬ 
ments  are  represented  graphically  in  Pig.  1.  Up  to  150-300  roe  were 
taken  at  each  point.  The  does  of  y-lrradiation  varied  from  25  to 
* 2000  r.  the  radiotoxin  was  used  at  different  dilutions,  namely:  1, 
0.5  and  0.25  ml  in  10  ml  of  water.  The  roe  were  kept  ip  theee  dilu¬ 
tions  from  15  minutes  to  5  hours,  after  which  they  were  washed  and 
placed  in  Petri  dishes  with  water  for  further  leva lopoer.t . 
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Pig.  1*  Dose  (a)  and  concentration  (b  and  c)  curves  of  ovum  death, 
b)  RT  concentration  1,  0.5  and  0.25  ml  In  10  ml  of  water  (Curves  1, 
2  and  3,  respectively);  c)  chronic  effect  of  toxin  at  a  concentra¬ 
tion  of  0.1  ml  In  10  ml  of  water;  K)  control. 


The  effect  was  evaluated  from  the  death  of  the  roe,  which  Is  easily 
fixed  from  their  blanching.  Experiments  on  the  chronic  effect  of 
small  concentrations  of  RT  (0.1  ml  of  toxin  in  10  ml  of  water)  were 
set  up  in  parallel.  Death  at  low  RT  concentrations  was  determined 
after  19  and  43  hours  of  chronic  action. 

As  seen  from  the  data  obtained  (see  Pig.  la)  death  of  the  em¬ 
bryos  from  v-radlatlon  In  relation  to  the  dose  of  Irradiation  oc¬ 
curs  according  to  an  S-sh&ped  curve.  Similar  curves  were  obtained 
from  brief  action  of  RT,  The  slope  of  the  curve  depended  heavily 
on  the  concentration.  At  high  concentrations  (Fig.  lb.  Curve  1) 
rapid  death  of  all  the  roe  set  In,  by  decreasing  the  dose  curves 
were  obtained  which  imitate  well  the  shape  of  curves  from  direct 
Y-irradlatlon  (see  Pig.  lb.  Curves  2  and  3),  Curves  close  to  those 
of  Y-r&dlation  were  obtained  from  the  chronic  effect  of  small  RT 
doses  (Pig,  lc). 

The  nature  of  the  death  of  the  roe  by  days  of  development  shown 
In  Pig.  1  by  the  black  columns  was  different  In  experiments  with  the 
brief  act ion  of  high  RT  doses  [the  maximum  came  on  the  first  day  of 
development  (see  Pig.  lb)  3  and  with  Y-l*?adiat Ion  [the  maximum  came 
on  the  ssoond  day  of  development  (see  Pig.  la)3.  However,  from  the 
chronic  action  with  small  RT  doses,  as  is  seen  from  Fig.  le,  good 
agreement  with  the  effec  *.  of  Y-radiatien  was  also  obtained  accord¬ 
ing  to  this  characteristic  (compare  with  Pig.  la). 

Sensitivity  of  roo  at  different  stages  of  embryonic  develop¬ 
ment  to  Y-irr«dl*t1on  and  effect  ef  RT.  It  is  known  from  the  litera¬ 
ture  [?]  that  the  roe* a  eensltivity  to  radiation  doorcases  with  an 
increase  in  age.  In  the  present  work  the  sensitivity  of  loach  roe 
at  the  developmental  atagea  of  2.5,  19  and  43  hours  to  the  effect 
of  y -irradiation  and  RT  was  studied.  The  results  of  the  experiments 
are  presented  In  Pig.  2. 

As  seen  from  the  date  obtained  (see  Pig,  2a)  radlosensit.ivity 
drops  sharply  at  19  hours  of  development  end  then  decrease*  some¬ 
what  more  at  *3  hours.  In  experiments  with  the  brief  effect  of 
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large  RT  doses  (1:10)  (see  Pig.  2b,  Curves  1  and  2)  it  is  not  pos¬ 
sible  to  detect  a  difference  in  sensitivity  at  the  developmental 
stages  of  2.5  and  19  hours,  but  at  43  hours  the  sensitivity  to  RT 
falls  sharply,  similarly  to  experiments  with  y-irradiation . 

With  a  decrease  in  RT  concentration  (Curves  3-5  in  Pig.  2b; 
concentration  of  0.5:10)  a  decrease  in  sensitivity  is  clearly  ob¬ 
served  at  19  hours  and  further  at  43  hours  of  development .  A  sharp 
decrease  in  sensitivity  to  RT  was  observed  at  19  hours  from  she 
chronic  action  of  small  RT  doses  (0.1:10)  (see  Fig.  1c).  It  is 
seen  from  the  data  of  the  experiments  which  were  conducted  that  the 
decrease  in  radiosensitivity  at  different  developmental  stages  of 
loach  roe  fully  .correlates  with  the  decrease  in  sensitivity  to  RT. 
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pig.  2.  Sensitivity  of  roe  to  y-irradiation  (a)  and  effect  of  RT 
(b  and  c)  at  different  stages  of  development .  a)  Death  of  roe  for 
doses  of  2,  1.5,  1  and  0.5  curies  (Curves  I,  2,  3  and  4,  respective¬ 
ly)}  b)  f  •  RT  concentrations  of  1:10  (Curves  1  and  2),  0.5:10 
(Curves  3-5);  e)  chronic  action  of  RT  at  a  concentration  of  0.1:10. 
Black  columns  -  percentage  of  deformities  from  irradiation  to  doses 
of  0.5  curie  (a)  and  from  effect  of  RT  in  a  concentration  of  0.5:10 
(b)  according  to  time  of  development.  H  *  hours. 
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Pig.  3.  Dose  (a)  and  concentration  (b  and  e)  curves  of  roe  deformi¬ 
ties.  b)  RT  concentrations  in  dilutions  of  1:10,  0,5:lu  and  0.25:10 
(Curves  1,  2  and  3»  respectively);  o)  chronic  action  of  RT  at  con¬ 
centration  of  0,1:10;  K)  control;  black  columns)  nature  of  distribu¬ 
tion  of  deformed  larvae  for  0.5  curie  (a),  for  RT  at  a  concentra¬ 
tion  of  .0.5:10  (b)  and  from  chronic  RT  action  at  a  concentration  of 
0.1:10. (/I  -  slight;  C  -  average;  T  -  severe). 
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The  formitlon  of  developmental  deformities  from  the  effect  of 
y-lrradlation  and  RT.  Developmental  deformities  as  a  rule  which  ; 
arise  from  the  effect  of  y-irradiatlon  undoubtedly  are  connected ; 
with  a  change  in  the  unique  molecules  of  desoxyribonucleic  acid 
in  the  cell  nuclei  and,  consequently,  with  a  disturbance  in  the 
entry  of  deformation  for  normal  development.  Therefore,  a  study 
of  the  question  of  whether  RT  can  also  imitate  the  direct  effect 
of  radiation  in  this  characteristic  was  of  special  interest. 

In  this  series  of  experiments  theroe  were  irradiated  or  sub¬ 
jected  to  the  action  of  RT  at  the  8-blaVtomer  stage  (2.5  hours). 
After  hatching  of  the  larvae,  all  visible  anomalies  were  counted 
and  their  percentage  expressed  with  respect  to  all  larvae  which 
survived. 

All  the  visible  anomalies  were  conditionally  divided  into 
three  groups : 

1)  slight  (slight  curvatures  of  the  spine;  the  larvae  ac¬ 
tively  move  around  the  aquarium) ; 

2)  average  (sharper  curvatures  of  the  spine  in  dorsal  and 
lateral  directions;  the  larvae  either  move  in  a  curve  or  perform 
rotary  movements); 

3)  severe  (severe  deformations  of  the  head,  sharp  reduction 

in  the  body,  twins,  etc.;  the  larvae  perform  only  convulsive,  para¬ 
lytic  movements). 

As  seen  from  the  data  of  the  experiment  presented  in  Pig.  3a 
from  the  effect  of  y -irradiation  the  total  number  of  deformities 
increases  with  the  dose  according  to  an  S-shaped  cu.’ve  and  at  1 
curie  reaches  lOOJt.  Prom  the  effect  of  higher  RT  concentrations 
after  brief  action  (see  Pig.  3b)  the  formation  of  deformities  was 
also  observed;  however,  their  number  did  not  exceed  30-35?  of  the 
surviving  larvae. 

A  different  type  of  curve  was  obtained  from  the  chronic  ac¬ 
tion  of  small  RT  doses  (concentration  0.1:10).  As  seen  from  Pig,  3c 
the  curve  imitated  well  the  dose  curve  obtained  from  the  direct  ef¬ 
fect  of  y-radiation  (see  Pig.  3a), 

It  is  interesting  to  note  that  the  nature  of  the  distribution 
of  the  anomalies,  as  seen  from  Fig.  3  (black  columns)  and  the  table 
is  similar  to  the  direct  effect  of  y-radiation.  Under  these  condi¬ 
tions,  just  as  from  irradiation  in  high  doses,  the  hatching  time 
is  delayed  at  exposures  of  ^3  hours. 

Of  course,  the  external  effect  of  RT,  even  if  prolonged, 
does  not  completely  simulate  all  processes  developing  in  an  ir¬ 
radiated  egg  cell.  Thus,  in  the  action  of  RT  it  was  not  possible 
to  observe  the  characteristic  picture  of  large  doses  of  y-radiation 
(20  curies)  given  at  the  0-6  hour  stages  of  development,  when  divi¬ 
sion  continues  up  to  the  late  blastula  stage  and  the  egg  cell  dice 
only  in  changing  to  the  gastrula  stage  [6],  Prom  the  effect  of 
large  RT  doses  death  ocourred  earlier,  and  at  low  doses  develop¬ 
ment  continued  further. 


-  87  - 


TABLE 

Distribution  of  Deformed  Larvae  Prom  the  Effect 
of  Y-Irradiation  and  RT 


In  this  case  other  processes  which  are  not  imitated  by  the 
quinones  under  the  conditions  of  the  experiments  which  were  con¬ 
ducted  are  probably  involved  in  the  irradiated  cell.  It  may  be 
that  the  kinetics  of  their  development  in  the  irradiated  object 
is  different  than  in  the  external  action  of  a  constant  RT  con¬ 
centration.  It  is  also  likely  that  the  effect  of  direct  injury 
of  the  cell  structures  during  irradiation  is  added  to  the  effect 
of  the  RT. 

The  investigation  which  has  been  carried  out  clearly  showed 
that  RT  can  sufficiently  fully  reproduce  in  egg  cells  such  charac¬ 
teristic  radition  effects  as  l)v  curves  of  death  in  relation  to 
the  dose;  2)  times  of  death;  3)  different  radiosensitivities  at 
different  stages  of  development;  4)  basic  patterns  of  the  develop¬ 
ment  of  deformities;  5)  a  delay  in  hatching  from  an  increase  in 
the  dose. 

Therefore,  all  the  effects  listed  cannot  unconditionally  be 
considered  as  the  result  only  of  a  direct  hit  of  ionising  radia¬ 
tion  on  nuclear  structures.  It  is  more  likely  that  RT  forming 
from  the  effect  of  radiation  make  their  own  important  contribu¬ 
tion  to  the  development  and  manifestation  of  all  the  indicated 
consequences  of  irradiation. 
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THE  EFFECT  OF  PLANT  RADIOTOXINS  ON  THE  ANIMAL  ORGANISM 

S.K.  Mel'nikova  and  V.A.  Kopylov 
(Institute  of  Biophysics  USSR  Academy  of  Sciences) 


Anomalous  metabolites  of  phenolic  and  quinold  nature  are  formed 
in  plant  tissue  from  the  effect  of  y-irradiation  [1-3 ].  Substances 
of  phenolic  and  quinoid  nature  are  extremely  active:  their  bacterio¬ 
static  effect  is  well-known  [4,5];  many  quinones  possess  fungicidal 
and  insecticidal  properties  [6,7]  and  antimitotic  [8]  and  antitumor 
[93  activities.  The  ability  to  inhibit  certain  enzymes  [10,  11], 
particularly  enzymatic  oxidation  [12-14],  is  characteristic  of  a 
number  of  phenolic  and  quinoid  substances,  for  example,  some  benzo- 
quinones  are  capable  of  inhibiting  oxidation  and  phosphorylation 
in  the  mitochondria  of  the  ox  heart  [15]*  as  well  as  succinoxldase 
in  the  respiratory  chain  [16] . 

In  a  number  of  papers,  Emanuel'  et  al.  [17,  18]  found  that  ex¬ 
tremely  active  intermediate  oxidation  forms  (semiquinones)  are  pro¬ 
duced  during  the  oxidation  of  Inhibitors  of  free  radical  reactions 
(phenols).  Selective  suppression  of  the  activity  of  oxidation-re¬ 
duction  enzymes  in  tumor  cells  [19],  Inhibition  of  lactate  dehydro¬ 
genase  [20]  and  suppression  of  the  biosynthesis  of  cellular  pro¬ 
teins  of  Yoahida's  ascitic  hepatoma  [21]  i3  noted  in  the  activity 
of  inhibitors  of  chain  processes  (propylgallate) .  Emanuel'  and 
Llpohlna  [22]  in  experiments  on  mice  with  an  acute  transplanted 
leucosis  established  the  antileukemic  activity  of  substances  of 
this  type. 

Substances  forming  in  plant  tissue  from  the  effect  of  y-irra- 
dlatlon  are  also  capable  of  retarding  mitosis  [24],  inhibiting 
plant  development  [3,  25]  and  causing  chromosomal  aberrations  [26]. 

However,  data  on  the  effect  of  these  substances  on  the  whole 
animal  organism  are  almost  absent  from  the  literature.  Kryukova 
(see  this  collection,  page  78)  in  investigating  the  effect  of  com¬ 
paratively  dilute  extracts  of  irradiated  Vioia  faba  plants  on  tumor- 
our  rats  and  mice  did  not  observe  a  drop  in  the  animals'  weight. 

In  the  present  work  the  effect  of  large  doses  of  rather  con¬ 
centrated  radiotoxins  [RT]  (pt)  which  form  in  potato  tubers  after 
irradiation  was  studied  on  normal  animals.  Plant  RT  were  obtained 
in  the  following  way:  potato  tubers  were  irradiated  with  Cs117  y- 
rays  at  a  dose  rate  of  700  r/min.  The  irradiation  dose  was  15  curies. 
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The  irradiated  tubers  together  with  control  unirradiated  tubers 
were  kept  for  24  hours  at  room  temperature .  Further  treatment  was 
carried  out  at  a  temperature  of  0-2° .  The  outer  layer  of  a  thick¬ 
ness  of  3-4  mm  was  removed  from  the  potato  tubers  and  the  tissue 
which  remained  was  homogenized  in  a  three -fold  volume  of  96$ 
ethyl  alcohol.  Extraction  was  carried  out  for  1  hour  with  continual 
mixing,  the  stroma  was  separated  and  the  alcohol  was  removed  under 
vacuum  at  a  temperature  of  28-33°.  The  concentrated  extract  was  di¬ 
luted  with  distilled  water.  From  100  g  of  the  original  tissue  35  ml 
of  final  extract  was  obtained. 


Fig.  1.  Change  in  weight  of  mice  from  RT  injection  and  direct  y-ir- 
radiation.  1)  Control  I;  2)  control  II;  3)  injection  of  extract  of 
potato  tubers  irradiated  in  a  dose  of  15  curies;  4)  control  III. 


In  the  first  series  of  experiments  the  effect  of  such  extracts 
on  a  change  in  weight  of  mice  after  one  extract  lnjeotion  was  inves¬ 
tigated.  The  experiment  was  carried  out  on  white  unbred  male  mioe 
weighing  21-28  g.  0.2  ml  of  extract  was  injected  subcutaneously  into 
each  animal.  After  the  injection  the  animals  were  weired  daily  for 
several  days.  The  experiment  had  three  controls:  control  I  -  unin- 
jeoted  animals;  control  II  -  injection  of  0.2  ml  of  extract  obtained 
from  unirradiated  potato  tubers;  control  III  -  irradiation  of  the 
animals  with  Cs,,T  y-rays  in  a  dose  of  700  r.  There  were  15  animals 
in  each  group.  A  total  of  three  series  of  experiments  (180  mioe) 
was  oarrled  out.  The  average  data  are  presented  in  Fig.  1. 

As  seen  from  Pig.  1  (Curve  3)»  a  sharp  drop  in  the  animals' 
weight  takes  plaoe  in  the  first  two  days  after  the  injection  under 
the  influence  of  the  plant  RT's;  in  10  days  the  animals  do  not  even 


reach  the  original  weight  and  in  16  days  a  considerable  lag  in  the 
growth  of  these  animals  behind  the  controls  is  still  observed. 

The  curves  of  the  change  in  the  body  weight  of  mice  from  the 
effect  of  extracts  of  irradiated  potato  tubers  and  of  mice  direct¬ 
ly  irradiated  in  a  dose  of  700  r  are  very  similar  for  9  days  (com¬ 
pare  Curves  3  and  4). 

A  drop  in  weight  does  not  occur  from  the  effect  of  extracts 
of  unirradiated  potato  tubers  (Curve  2),  and  this  curve  almost  co¬ 
incides  with  Control  I  (Curve  1). 

20  days  after  the  injection  the  mice  (weight  26-30  g)  were 
killed  and  some  internal  organs  weighed:  liver,  testicles,  kidneys 
and  spleen.  As  seen  from  the  data  presented  in  Table  1,  the  weight 
of  the  liver  and  testicles  decreased  17  and  18* ,  respectively  from 
the  effect  of  plant  KT,  the  weight  of  the  kidneys  did  not  change 
and  the  weight  of  the  spleen  Increased  33* . 

TABLE  1 

Weight  of  Internal  Organs  of  Mice  20  Days  After 
Injection  of  Extracts  of  Irradiated  (With  a  Dose 
of  15  curies)  and  Control  Tubers 


In  preliminary  experiments  mice  were  subcutaneously  injected 
with  increasing  amounts  of  extracts  (0.3,  0.5  and  0.75  ml)  of  the 
surfaoe  layer  of  potato  tubers  obtained  according  a  method  describ¬ 
ed  earlier  [3].  In  this  case  an  Increase  in  death  of  the  animals 
was  observed:  20,  50  and  75*,  respectively.  Extracts  of  control 
tissue  caused  death  of  20-25*  only  from  the  injection  of  0.75  ml. 

The  change  in  the  number  of  leucocytes  in  the  peripheral 
blood  of  rets  after  one  subcutaneous  injection  of  1  ml  of  extracts 
obtained  according  to  the  above-described  method  was  also  investi¬ 
gated.  For  this,  white  unbred  male  rats  weight  160-230  g  were  used. 
Blood  was  taken  from  the  tall  vein  and  the  number  of  leucocytes 
oounted  in  a  Goryayev  chamber.  As  seen  from  the  data  presented  in 
Table  2,  24  hours  after  the  injection  the  number  of  leucocytes  de¬ 
creased  42*  from  the  effect  of  plant  RT.  A  decrease  in  the  number 
of  leuoooytes  from  the  effeot  of  extracts  of  unirradiated  tubers 
is  not  observed  (in  some  oases  a  slight  temporary  leuoocytosis  oc¬ 
curs).  The  dynamics  of  the  change  in  the  number  of  leuoooytes  is 
presented  in  Fig.  2.  The  sharpest  drop  is  noted  6  hours  after  in¬ 
jection,  on  the  fifth  day  the  number  of  leucocytes  still  remained 
decreased. 
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Fig.  2.  Change  in  number  of  leucocytes  la  peripheral  blood  of  rats 
after  one  RT  injection-  1)  Control  (injection  o f  extract  of  unlr- 
radiated  potato  tubers);  2)  injection  of  extract  of  potato  tubere 
irradiated  in  a  dose  of  15  curies  (RT). 


TABLE  2 

Number  of  Leucocytes  In  1  mm*  of  Bloat  in  Rats 
24  Hours  After  Injection  of  Extracts  of  Irra¬ 
diated  (Dose  of  15  curiae)  and  Control  Tubers 
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Discussion  of  tbo  rosolts.  ths  curves  of  the  o  im  body 
weight  of  mloe  froa  the  effeot  of  one  suboutanoous  injection  of 
plant  RT  and  after  total  y -irradiation  in  a  does  of  TOO  r  are  very 
close  in  the  first  9  days.  As  free  tbs  sffsct  of  radiation,  a  drop 
in  tha  animals*  wslght  aoooapanled  by  a  further  lag  in  growth  is 
noted  from  the  effeot  of  RT.  High  Rf  eonoentratlons  touted  death 
of  tho  animals.  The  deorease  in  the  weight  of  the  testicles  to  daw# 
after  on#  injection  is  analogous  to  tho  offset  of  Y-irradia tion  in 
small  dosss  [273. 


Total  X-ray  Irradiation  in  a  dose  of  600  r  causes  a  drop  in 
the  weight  of  the  liver  of  the  mice,  and  on  the  21st  day  after 
irradiation,  the  weight  of  the  organ  still  remains  reduced  [28], 

In  experiments  which  were  carried  out  20  days  after  the  injection 
the  weight  of  the  liver  was  17$  lower  than  the  control. 

The  spleen  is  unusually  sensitive  to  the  injurious  effect  of 
ionizing  emissions.  Initially  from  total  X-ray  irradiation  with  a 
dose  of  600  r  a  sharp  decrease  is  noted  in  the  organ !s  weight  which 
is  accompanied  after  14  and  21  days  by  the  beginning  of  nypercompen- 
sation  of  the  organ  [28],  The  clear  hypercompensation  reaction  caused 
by  plant  RT  also  emphasizes  the  similarity  of  their  effect  to  direct 
irradiation.  The  observed  decrease  in  leucocytes  indicates  injury  of 
the  hemogenetlc  system  which  is  extremely  sensitive  to  the  effect  of 
radiation. 
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THE  RECOVERY  OF  SEEDS  FROM  RADIATION  INJURIES  IN  THE  LI6HT  OF  THE 

TOXIN  PRODUCTION  THEORY 

N.M.  Berezina,  A.S.  Merkulov  and  N.Norbayev 
(Inatitvte  of  Biophytiot  USSR  Aoadomy  of  Soienoot) 


If  It  is  considered  that  radlotoxlns  [RT]  (PT)  which  are  ac¬ 
cumulated  In  Irradiated  tissue  in  the  post-radiation  period  play 
an  essential  role  In  radiation  injury,  then,  as  was  stated  In  one 
of  the  preceding  articles  (see  page  a),  the  so-called  post- 
radiation  recovery  from  radiation  injuries  may  be  due  in  consid¬ 
erable  measure  to  a  decrease  in  the  entry  of  RT  into  structures 
responsible  for  manifestation  of  the  radiation  effect. 

Irradiated  seeds  are  interesting  subjects  for  verification 
of  this  hypothesis.  There  is  very  little  data  in  the  literature 
on  the  question  of  the  recovery  of  irradiated  seeds  from  radia¬ 
tion  injuries  during  storage,  and  they  are  extremely  contradictory 
tl-*3. 


It  was  shown  earlier  (53  that  if  the  germs  of  com  seeds  ir¬ 
radiated  with  a  lethal  dose  of  to  curies  are  separated  from  the 
endosperm  at  the  very  beginning  of  the  moistening  and  the  former 
are  grown  on  an  artificial  medium,  the  injurious  effect  of  the  ir¬ 
radiation  can  be  eliminated  to  a  considerable  degree. 

The  conclusion  follows  from  these  experiments  that  not  so 
much  the  dlreot  irradiation  of  the  cells  as  the  postradiation  in¬ 
flux,  from  the  irradiated  endosperm  and  corymb,  of  the  RT  formed 
in  them  from  the  effect  of  Irradiation  playa  a  decisive  role  in  the 
death  of  the  germs.  Actually,  aa  has  been  shown  (see  this  collec¬ 
tion,  page  2B),  If  the  germs  are  removed  from  germinating  irradiat¬ 
ed  seeds,  qulnectts,  whose  concentration  increases  with  an  increase 
In  irradiation  dost,  will  be  excreted  from  the  endosperm  and  corymb 
into  the  external  medium. 

Active  toxin  production  begins  from  the  moment  of  swelling  of 
the  irradiated  seeds  -  from  the  moment  of  the  beginning  of  active 
metabolism.  Before  moistening,  dry  irradiated  seeds  evidently 
store  absorbed  energy  In  the  form  of  free  radicals  of  maoroaole- 
cules,  whose  prolonged  existence  was  shown  by  direct  determina¬ 
tions  by  the  method  of  electron  paramagnetic  resonance  (6,  ?3. 


96  - 


3« ■  si  i  $(• 


10  NOT 


REPROtn 


IS 


rH$£V  V7*  4*1 

— J  ■ 


Pig.  1.  13-day  germinants  of  freshly  Irradiated  corn  seeds  with 
different  storage  periods  after  Irradiation  in  a  dose  of  to  curies, 
a)  Control  (without  Irradiation);  b)  1  day;  c)  6  months;  d)  2  years. 


The  active  substances  which  develop  initially  by  means  of  ra¬ 
diation  -chemical  processes,  upon  prolonged  storage  of  the  air-dried 
seeds,  will  gradually  break  down  which  decreases  the  possibility  of 
their  effect  on  metabolism  upon  subsequent  moistening  of  the  seeds 
and  the  probability  of  RT  formation  will  also  decrease,  which  in 
turn  leads  to  the  absence  of  a  radiation  effect  (to  recovery). 

To  verify  these  assumptions,  experiments  on  prolonged  storage 
of  irradiated  seeds  were  set  up.  All  the  experiments  were  carried 
out  on  air-dried  com  seeds  of  the  wSterllngM  variety  with  8-10> 
moisture.  One  batch  of  seeds  was  irradiated  with  eaIST  y-rays  of 
a  dose  of  AO  curies  at  a  dose  rate  of  ?00  r/min.  Some  of  the  seeds 
west  sown  24  hours  after  irradiation,  others  aft  or  6  months  and  a 
third  group  after  2  years  of  storage  at  room  temperature .  The  re¬ 
sults  obtained  arc  presented  in  Pig.  1. 

As  the  results  of  the  experiment  showed,  from  irradiation  in 
a  dose  of  40  curies  all  the  germinants  of  com  seeds  sowed  1  day 
after  irradiation  died  on  the  13th  day  of  vegetation  (Pig.  lb). 
After  storage  of  these  seeds  for  b  months  after  irradiation,  in¬ 
dividual  germlnants  developed  for  25-30  days  and  produced  2-3 
real  leaves  (Pig.  lc) ,  but  then  died,  deeds  stored  for  2  years 
after  Irradiation  recovered  their  vital  capacity.  When  these 
seeds  were  sown,  normal  germlnants  developed  which  vegetate  un- 
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der  laboratory  conditions  in  Knopp’s  nutrient  solution  up  to  45 
days  (Pig.  Id).  In  vigor  of  development  these  germinants  only  lag¬ 
ged  a  little  behind  germinants  of  control  plants  grown  from  unir- 
radlated  seeds  (Pig.  la). 

When  the  experiment  was  repeated  with  simultaneous  sowing  of 
seeds  stored  after  irradiation  for  2,3  and  4  years  and  freshly  ir¬ 
radiated  seeds  the  same  pattern  was  invariably  repeated:  after  pro¬ 
longed  f.r  or  age  of  seeds  irradiated  in  a  dose  of  40  curies,  recovery 
of  their  capacity  for  growth  and  development  was  observed  (Pig.  2). 


Fig.  2.  Recovery  from  injurious  effect  of  y-rays  of  corn  seeds  ir¬ 
radiated  in  a  dose  of  40  curies  at  different  times  of  storage:  a) 

4  years;  b)  3  years;  c)  2  years;  1)  control  (without  irradiation); 
2)  germinants  of  seeds  stored  for  the  indicated  time  (a,  b,  c);  3) 
germinants  of  freshly  irradiated  seeds. 


A  sharp  change  was  observed  in  the  activity  of  some  oxidizing 
enzymes  in  germinants  of  com  seeds  Irradiated  with  a  lethal  dose . 
In  the  first  days  of  germination  the  activity  of  these  enzymes  de¬ 
creased,  comprising  only  43#  of  the  activity  of  the  control,  and 
on  the  6th,  8  and  13th  day  of  development  (to  the  time  of  the  germl 
n&nts*  deatHT  it  increased  sharply  by  300-400#  in  comparison  with 
the  control. 

The  maximum  change  in  the  activity  of  these  enzymes  was  ob¬ 
served  in  the  seed  corymbs  which  during  germination  deliver  macro¬ 
ergs  and  nutrients  to  the  embryo. 

The  increase  in  the  activity  of  oxidizing  enzymes  from  the  ef¬ 
fect  of  radiation  disturbs  the  usual  course  of  metabolic  processes 
in  the  germinating  seeds  and  leads  to  Increased  production  of  qui¬ 
nsies  -  whioh  are  evidently  the  principal  components  of  plant  RT 
(see  this  collection,  page  18). 

Excess  entry  of  o  -quinones  into  the  embryo  is  the  cause  of 
the  inhibition  of  their  growth  and  death 
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In  considering  the  observed  phenomenon  of  the  recovery  of 
growth  and  development  of  germinants  Irradiated  with  a  lethal 
dose  from  the  viewpoint  of  the  RT  theory,  it  can  be  assumed  that 
during  prolonged  storage  of  irradiated  seeds  as  the  result  of  the 
disappearance  of  the  initial  free  radicals,  initial  changes  in  the 
activity  of  oxidising  processes  will  not  arise  and  the  cause  of  '  ; 
postradiation  accumulation  during  germination  of  the  irradiated 
seeds  will  thereby  be  eliminated*  In  fact,  a  study  of  the  activity 
of  two  oxidative  enzymes  —  peroxidase  and  lipooxidase  —  complete¬ 
ly  confirmed  this  hypothesis .  n 

The  results  of  a  determination  of  peroxidase  activity  on  dif¬ 
ferent  days  of  the  germination  of  freshly  irradiated  seeds  (Curve  1) 
and  seeds  stored  for  2  years  (Curve  2)  are  presented  in  Fig.  3.  As 
seen  from  the  figure,  a  sharp  deviation  from  normal  is  observed  in 
germinants  of  freshly  irradiated  seeds  (dose  of  40  curies),  where¬ 
as  after  long  storage  the  activity  of  peroxidase  from  germinants 
of  irradiated  seeds  is  almost  equal  to  the  activity  in  the  control 
(unirradiated)  plants.  i 


The  determination  of  the  lipooxidase  activity  in  the  germlnant 
corymbs  (by  the  spectrophotometric  method)  is  presented  in  Fig.  4. 
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Fig.  3.  Change  in  peroxidase  activity  after  storage  of  corn  seeds 
irradiated  with  a  dose  of  40  curies.  1)  Peroxidase  activity  in  ger¬ 
minants  of  freshly  irradiated  seeds ;  2)  the  same  from  seeds  stored 
for  2  years  after  irradiation;  K)  control , 


Fig.  4.  Change  in  lipooxidase  activity  during  storage  of  irradiated 
seeds  (corn).  1)  In  corymbs  of  germinating  unirradiated  seeds;  2) 
in  freshly  irradiated  seeds  (40  curies);  3)  in  seeds  stored  2  years 
after  irradiation  (40  curies). 


It  is  seen  from  this  figure  that  in  the  first  days  of  germina¬ 
tion  in  freshly  irradiated  seeds  (with  a  dose  of  40  curies)  the  ac¬ 
tivity  of  this  enzyme  exceeds  its  activity  in  the  control  by  more 
than  double.  In  seeds  irradiated  but  then  stored  for  2  years, 
the  lipooxidase  activity  does  not  differ  from  the  control. 

It  was  interesting  to  determine  whether  the  production  and  en¬ 
try  into  the  embryo  of  toxic  quinones  forming  in  the  corymb  and  en¬ 
dosperm  of  irradiated  seeds  changes  during  storage.  For  this  pur¬ 
pose,  both  freshly  irradiated  seeds  and  seeds  stored  for  2  years 
were  moistened  for  24  hours,  after  which  the  embryo  was  removed. 

The  seeds  which  were  operated  on  (40  specimens)  were  placed  in  con¬ 
tainers  with  25  ml  of  distilled  water.  After  24  hours  In  the  water, 
the  quinones  were  determined  polarographically  at  E,  *  -0.35  v  (see 
this  collection,  page  2b).  * 

The  data  obtained  are  presented  in  the  table. 

TABLE 


Amount  of  Quinones  Excreted  by  Seeds  Irradiated 
With  a  Dose  of  40  curies  After  Removal  of  the 
Embryo 


100  - 


• r  .  v« •*  ¥*' 


As  seen  from  this  table,  there  was  a  sharp  decrease  during  germ¬ 
ination  in  quinone  production  in  seeds  stored  for  2  years  after  ir¬ 
radiation  in  comparison  with  freshly  irradiated  seeds.  The  principal 
cause  of  inhibition  of  embryo  development  was  thereby  eliminated. 

The  investigation  which  was  carried  out  showed  clearly  that 
after  prolonged  storage  of  seeds  irradiated  with  a  lethal  dose  the 
causes  of  the  activation  of  oxidative  processes  and  the  production 
of  RT  of  quinoid  nature  during  germiantion  of  the  seeds  are  eliminat¬ 
ed.  The  absence  of  RT  makes  it  possible  for  the  embryos  to  develop 
normally. 

Thus,  postradiation  recovery  processes  which  are  clearly  ob¬ 
served  after  prolonged  storage  of  irradiated  seeds  are  associated 
not  with  the  recovery  of  cytogenetic  nuclear  structures  of  the  em¬ 
bryo  damaged  by  the  direct  effect  of  radiation,  but  with  the  elimina¬ 
tion  of  the  inflow  into  the  embryo  of  the  RT  which  are  the  principal 
cause  of  the  cessation  of  development  and  the  death  of  irradiated 
seeds. 
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RECOVERY  OF  y-IRRADIATED  SEEDS  FROM  RADIATION  INJURIES 

V.A.  Kopylov,  A.N.  Kuzin,  N.V.  Pechnlkov  and  T.V.  Volkova 
(Institute  of  Biophysics  USSR  Academy  of  Sciences) 


It  has  been  shown  in  a  number  of  pages  that  toxic  substances 
produced  In  Irradiated  plant  tissues  can  to  a  considerable  degree 
cause  such  a  manifestation  of  radiation  Injury  as  a  delay  in  cell 
division  and  inhibition  of  plant  growth  and  development  (see,  for 
example,  [1-4]).  The  toxic  substances  are  easily  extracted  with 
ethyl  alcohol  and  water.  It  is  known  that  alcoholic  or  aqueous  ex¬ 
tracts  of  normal  (unirradiated)  plants  also  have  the  ability  to  in¬ 
hibit  plant  growth  [51.  Attempts  have  been  made  more  than  once  to 
identify  the  substances  responsible  for  this  effect,  however,  up 
•  to  $fce  present  time  there  is  no  single  point  of  view  on  the  nature 
of  these  substances .  A  number  of  authors  believe  that  such  compounds 
may  be  substances  of  phenolic  nature  [6,  73.  In  this  connection,  it 
is  interesting  to  note  that  a  considerable  increase  in  the  concen¬ 
tration  of  polyphenols  is  observed  in  plants  in  a  quiescent  stage, 
and,  as  a  rule,  at  the  sites  of  intensive  growth  [8],  The  viewpoint 
that  polyphenols  possibly  are  natural  inhibitors  and  regulators  of 
the  rate  of  cell  division  is  also  tempting.  At  least  in  the  auxin- 
auxlnoxldase  system  the  regulatory  role  of  the  polyphenols  is  be¬ 
coming  more  and  more  evident  [9-11].  Aqueous  extracts  of  normal 
plants  have  an  effect  not  only  on  growth  processes  but  also  on 
fadlosensitivlty  and  certain  biochemical  processes.  For  example, 
after  moistening  radiosensitive  Braesioanigra  seeds  in  extracts 
obtained  from  radioresistant  Pinue  eylveetrie  seeds,  the  radio- 
resistance  of  the  former  is  increased,  and  vice  versa  (12]. 

It  was  shown  earlier  [13]  that  a  sharp  increase  in  substances 
of  phenolic  nature  ooours  as  a  result  of  irradiation  of  plants  and, 
as  the  authors  believe,  growth  inhibition  by  aqueous  and  alooholic 
extracts  of  irradiated  plants  is  connected  with  an  increase  in  the 
concentration  of  polyphenols  and,  in  particular,  with  their  oxidized 
form  -o-quinones  (see  this  collection,  page  18).  Consequently,  if 
polyphenols  in  fact  normally  play  the  role  of  inhibitors  and  regu¬ 
lators  of  growth  processes,  it  can  be  said  that  irradiation  causes 
a  disturbance  in  this  system.  Normally  natural  inhibitors  of  phenolic 
nature  found  In  seeds  can  be  removed  by  simple  washing  out  with 
water.  If  these  starting  points  are  true,  then  by  washing  Irradiated 
seeds  with  water  the  polyphenols  produced  as  a  result  of  irradiation 
will  be  removed  and  their  growth  will  be  improved  In  comparison  with 
the  oontrol. 
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ried  out  until  gathering  of  the  harvest.  The  data  obtained  are 
presented  in  Tables  2  and  3  and  in  Pig.  2. 


.  Contra!  .  gcnrl»»  ,  Control  gear is» 

Dry  seeds  Wished  seeds 


Fig.  2.  Result  of  determination  of  efflorescence  on  31  August 
(experiment  with  seed  washing).  Average  data  from  100  plants. 
White  column  -  with  panicle;  cross  hatched  column  -  without 
panicle;  black  column  -  flowering  panicle. 


TABLE  2 

Height  of  Corn  Plants  Grown  From  Seeds  Washed  After 
Irradiation  With  a  Dose  of  10  Caries  (averages 
from  20  plants,  three  repetitions) 


Vsrisnt  of  esperisMitt 

|  Helfht  of  plant 

•  Jons 

*  July 

JO  Aufjst 

1M 

% 

S 

M 

% 

Dry  control 

Ins  dieted  with  s  doss  of  10  Swiss 
dry  sssds 

19,0±0,6 

16,0±0,8 

100 

M 

N,0±4,0 

48,0±3,e 

100 

M 

137,0  ±1,0 

117, 0±l, 4 

too 

« 

Wsshsd  sontrsi 

Insdisted  with  s  doss  of  10  ewiss 
wsshsd  sssds 

ai,o±o,9 

I8,0±0,6 

100 

M 

61,0±S,9 

87,0±2,l 

100 

93 

13t,0±S,9 

19l,0±3,0 

too 

98 

In  the  present  work  this  hypothesis  Is  examined  experimentally. 
Com  seeds  of  the  "Sterling"  variety  harvested  in  1963  were  used. 
Air-dried  seeds  with  10-llJ  moisture  were  irradiated  with  Cs1*7  y- 
rays  in  GUPOS  equipment  (dose  rate  of  irradiation  700  r/min)  in 
doses  causing  strong  growth  inhibition  (10-20  curies).  After  ir¬ 
radiation  some  of  the  seeds  were  placed  in  a  container  with  run¬ 
ning  water  at  a  temperature  of  4-6°.  They  were  washed  for  2  days 
at  this  temperature.  Other  irradiated  seeds  were  kept  at  the  same 
temperature  in  a  small  amount  of  non-running  water.  Unirradiated 
plants  were  also  divided  into  two  parts,  one  cf  which  was  washed 
under  the  same  conditions  as  the  irradiated  plants.  After  conclu¬ 
sion  of  the  washing  all  the  seeds  were  grown  under  standard  condi¬ 
tions  . 

Data  from  measurement  of  the  length  of  the  coleoptile  on  the 
seventh  day  of  growth  are  presented  in  Table  1. 

TABLE  1 

Length  of  Coleoptile  on  Seventh  Day  of  Growth 


Variant  of  esperfancnt 

.  / 

Length,  cm 

1  i  "" 

Dry  aseds  with 
respect  to  con¬ 
trol,  %  ■Washed  seeds  with 

respect  to  control, 

1  1  % 

Dry  ..ad. 

Washed 

seeds 

CoeWol 

ImdMton  with  a  do*,  of  10  curia. 
IWfWIu.  with  .  dm  of  10  curia. 

H.7±0.7 

7.1±0.4 

S.S±S,5 

».4±0.« 

ll.9±0.4 

10,S±0.5 

100 

00.5 

48 

100 

SS 

88 

A  photograph  of  one  of  the  experiments  is  given  in  Pig.  1. 

As  seen  from  the  results  obtained,  washing  of  the  seeds  at  a 
low  temperature  almost  completely  eliminates  radiation  inhibition 
in  the  first  days  of  development.  It  is  interesting  to  emphasize 
that  keeping  them  at  a  low  temperature  alone  not  only  does  not  pro¬ 
duce  recovery,  but  even  somewhat  intensifies  the  injurious  effect 
of  the  radiation. 


4 


In  the  seoond  series  of  experiments,  similarly  treated  seeds 
were  sown  under  field  conditions  in  experimental  plots  srith  three¬ 
fold  alternating  repetition.  Observations  of  the  plants  wore  car- 


m 

Tig.  1.  The  effeot  of  washing  oom  seeds  irra¬ 
diated  with  a  dose  of  20  curies  on  their  growth 
rate . 
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TABLE  3 


Results  of  Com  Harvest  In  Experiment  With 
Washed  Irradiated  Seeds  (1963) 


Raw 

wsiS>t. 

Hoabst  of 

|  Wel*t  of  cebn.it 

Veriest  of  experiment 

Height* 

cm 

f“ 

1 

from  one 
,  Pl*«t 

from  qm 
cob 

Dry  control 

205 

820 

1.1 

233 

210 

Off  Mods  irradiated  with  a 
doaa  of  10  curias 

181 

818 

0.9 

149 

106 

Per  cant  of  control 

88 

78 

81 

84 

79 

Washed  control 

207 

878 

1.1 

238 

216 

Washed  seeds  irradiated  with  a 

196 

792 

u 

224 

198 

dose  of  10  curies 

Par  cant  of  control 

94 

90 

108 

94 

89 

Ratio  of  percentages  of 

irradiated  washed  to 

irradiated  dry  seeds 

1.07 

1.20 

1.88 

1.47 

1.13 

It  Is  seen  from  the  data  presented  that  postradlatlon  washing 
of  the  seeds  almost  completely  restores  such  remote  effects  of  ir¬ 
radiation  as  a  decrease  In  the  weight  of  the  cobs,  a  decrease  in 
their  number  and  a  lag  in  moving  from  one  developmental  stage  to 
another  (the  formation  of  panicles  and  efflorescence). 

However,  It  is  doubtful  whether  it  Is  possible  to  explain  re¬ 
covery  from  radiation  injuries  by  a  simple  washing  out  of  growth  in¬ 
hibitors  of  polyphenollc  nature.  As  seen  from  Fig.  2,  washed  seeds 
(unlrradlated)  have  the  same  rate  of  development  by  phases  as  un¬ 
washed  unirradlated  seeds,  whereas  the  percentage  of  plants  with  a 
panicle  with  relative  decrease  in  their  flowering,  increases  con¬ 
siderably  in  irradiated  washed  seeds.  Here  them  is  a  qualitative 
redistribution  by  phases  of  development  through  washing.  According 
to  unpublished  data  of  N.  Norbayev,  the  wash  waters  from  Irradiated 
plants  contain  a  large  amount  of  quinones  whloh  are  directly  related 
to  the  irradiation  dose.  On  the  other  hand,  it  is  noted  that  the 
amount  of  substances  of  phenolic  nature  in  plants  grown  from  irra¬ 
diated  seeds  Is  also  definitely  related  to  the  irradiation  dose  and 
it  should  be  emphasised  that  with  an  increase  in  the  irradiation 
dose,  a  regular  increase  in  substances  of  radical  nature  -  melanines 
-  ocours  in  the  root  system  £143* 

Thus,  if  an  increase  in  natural  inhibitors  of  polyphenollc  na¬ 
ture  occurs  as  a  result  of  Irradiation  of  seeds,  it  is  clearly  by 
quite  a  different  means  than  takes  place  normally.  Accumulation  of 
substanoes  of  quinoid  nature  which,  in  oondensing,  form  melanines 
occurs  as  a  result  of  such  a  disturbance. 

As  Indicated  above,  natural  inhibitors  and  quinones  which  pos¬ 
sess  clear  toxio  properties  are  removed  by  washing  irradiated  seeds. 
However,  it  is  doubtful  whether  it  is  possible  to  remove  them  com¬ 
pletely;  the  small  oonoentratlon  milch  remains  possibly  has  a  stimu¬ 
latory  effect  on  some  metabollo  links,  as  a  result  of  which  there 
is  noted  the  Increase  in  plants  with  a  panicle  in  the  present  work. 
On  the  other  hand,  evidently  even  an  infinitesimal  concentration 
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can  be  toxic  for  the  flowering  phase  (see  Pig.  2) 


As  is  known,  in  discussing  the  causes  of  the  recovery  processes 
a  hypothesis  was  expressed  concerning  the  lBq>ortant  role  in  them  of 
hidden  injuries  of  macromolecules  which  become  evident  in  the  admis¬ 
sion  of  oxygen  and  under  the  Influence  of  heat. 

Under  the  conditions  of  the  present  work,  washing  of  the  seeds 
was  carried  out  with  water  saturated  with  oxygen,  whicn,  it  would 
seem,  could  not  prevent  the  appearance  of  an  oxygen  effect.  The  low 
temperature  used  for  delaying  the  start  of  metabolic  processes  In 
seds  could,  of  course,  delay  the  appearance  of  postradlatlon 
t  inactivations  however,  this  inactivation  should  be  fully  mani- 
sted  when  the  seeds  are  sown  under  germination  conditions. 

Thus,  the  theory  of  the  reversal  of  hidden  injuries  does  not 
have  any  advantages  over  the  theory  of  the  washing  out  of  toxic  sub¬ 
stances.  If  it  is  considered  that  it  is  possible  to  completely  repro¬ 
duce  the  radiation  effect  of  inhibition  of  seed  development  by  action 
on  the  seeds  of  toxins  extracted  from  irradiated  plant  tissues,  as 
well  as  the  absence  of  a  recovery  effect  from  keeping  the  seeds  in 
nonrunning  cold  water,  the  explanation  of  the  observed  facts  suggest¬ 
ed  here  has.  It  seems  to  us,  a  clear  advantage  over  the  others. 
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THE  EFFECT  OF  PROTECTIVE  SUBSTANCES  ON  THE  YIELD  OF  SOME 
TOXIC  PRODUCTS  OF  AMINO  ACID  RADIOLYSIS 

N.A.  Duzhenkova  and  A.V.  Savlch 

It  is  indicated  in  the  work  of  A.M.  Kualn  and  colleagues, 

V.  Deyl  and  others  that  some  products  of  amino  acid  radiolysls  are 
cell  poisons.  Particularly  great  importance  is  attached  to  products 
of  tyrosine  breavdown  [qui nones ,  3 ,k-diorypheny  lslanisie  (3,%SOFA) 
and  others]  Cl].  There  is  also  Information  on  «.j*e  toxic  effect  of 
amnonia  C2,  3]. 

The  radiation-chemical  conversion  of  aqueous  amino  acid  solu¬ 
tions  has  been  investigated  by  many  authors.  However,  it  is  diffi¬ 
cult  to  cospare  the  results  obtained  because  of  the  different  con¬ 
ditions  of  conducting  the  experiments.  Some  processes  of  the  radio- 
lysis  of  glycine,  tryptophan  sad  tyrosine  have  already  been  stud¬ 
ied  [t-6].  The  data  obtained  are  presented  in  the  table. 


Amino  Acid  Hadioly sis 


1)  Amino  sold;  2)  yield  of  ^8*  per  100  «v,  number  of  molecules;  3) 
ring  conversion  per  100  (aqueous  solution),  nunber  of  molecules; 
A)  yield  of  decomposition Lptr  100  ev  (aqueous  solution),  number  of 
molecules ;  5)  glycine;  617 tryptophan;  f)  tyrosine. 


An  analysis  of  the  data  presented  in  the  table  shows  that  the 
yields  of  products  and  the  total  decomposition  of  amino  acids  do 
not  exceed  the  yield  of  free  radicals  which  are  produced  in  the 
radiolyaia  of  water.  The  yields  are  approximately  of  the  same  or¬ 
der  for  aliphatic  anf  cyclic  compounds.  Only  the  effect  of  the 
radiation  destination  of  cyclic  amino  acids  is  lets  than  for  g'y- 
cine  since  in  the  ease  of  theft*  radiolysis  the  effect  cf  t&e  rsdla- 
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tlon  is  directed  not  only  toward  the  side  chain,  but  also  toward 
the  ring  structure.  The  yield  of  products  having  a  toxic  effect 
and  connected  with  hydroxylatlon  of  the  phenol  ring  of  tyrosine 
(3,4-DOPA)  Is  0.75  molecule  per  100  ev  and  is  approximately  half 
of  the  yield  of  total  amino  acid  decomposition. 


Fi^.  1.  Dependence  of  the decomposition  of  5*10“  M  aqueous  solu¬ 
tion  of  tyrosine  and  the  accumulation  of  3»*-DOPA  on  the  dose  of 
Y-radiation.  1)  tyrosine  without  addition;  2-5)  tyrosine  v  cyste¬ 
ine  hydrochloride;  6)  accumulation  of  3»4-DOPA;  7-10)  accumulation 
of  in  tyrosine  *  cysteine  hydrochloride  system,  The  pro- 

portlon  of  molar  concentrations  of  tyrosine  and  cysteine  hydro- 
chloride  is  given  in  square  brackets  directly  on  the  curve. 


The  effect  of  inhibitors  of  free  radical  processes  -  cysteine 
hydrochloride  and  propylgallate  -  on  radiation  deamination  M  gly¬ 
cine  and  tryptophan  at  different  pH  values  of  the  medium  was 
studied  earlier  C 4-6 3*  It  was  shown  that  cysteine's  protective  ef¬ 
fect  is  connected  with  competition  primarily  for  OH  radicals 
forming  during  the  radiolysis  of  water  and  Is  most  clearly  expressed 
in  acid  medium.  The  protective  effect  of  propylgallate  is  due  main¬ 
ly  to  competition  for  H  radicals  and  is  displayed  most  clearly  in 
alkaline  medium. 

At  the  present  time  investigations  are  being  conducted  on  the 
effect  of  a  number  tr  protective  substances  or>  the  rsdlst lon-cheml - 
cal  conversion  of  tyroSlnc.  Data  obtained  in  experiments  with  cyst- 
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eine  hydrochloride  are  presented  in  Pig.  1.  Curves  1  and  6  depict 
respectively  the  dependence  of  tyrosine  decomposition  and  3,^-DOPA 
accumulation  on  the  dose  during  Co'#  y-irradiation  (dose  rate  150 
rad/sec)  of  a  5  *  10“ *  M  aqueous  solution  of  the  amino  acid.  The 
analysis  of  the  solutions  obtained  was  carried  out  by  Araow's  meth¬ 
od  [73.  The  protective  effect  was  calculated  from  the  decrease  in 
tyrosine  decomposition  and  from  the  decrease  in  3,^-DOPA  accumula¬ 
tion  at  a  dose  of  37$  amino  acid  preservation,  equal  to  200  krad. 
Both  tyrosine  decomposition  and  3,^-DOPA  accumulation  are  of  an 
exponential  nature.  The  yield  of  tyrosine  decomposition  equals  2.1 
molecules  per  100  ev,  the  yield  of  3,^-DOPA  is  0.75  molecule  per 
100  eV.  When  cysteine  hydrochloride  is  introduced  into  an  irradiated 
tyrosine  solution,  a  decrease  in  amino  acid  decomposition  and  3,1*- 
DOPA  accumulation  is  observed.  The  protective  effect  was  determined 
at  four  proportions  of  molar  concentrations  of  tyrosine  and  addi¬ 
tive:  10:1,  5:1,  1:1  and  1:2;  the  amino  acid  concentration  in  all 
the  experiments  conducted  was  5*10“"  M.  As  seen  from  Pig.  1,  cyst¬ 
eine's  protective  effect  increases  with  an  increase  in  its  concen¬ 
tration. 


Cysteine  concentration,  M 

Fig.  2.  Dependence  of  protective  effect  on  concentration  of  cysteine 
hydrochloride.  1)  Protection  of  total  tyrosine  decomposition;  2) 
protection  of  3,^-DOPA  accumulation. 


The  dependence  of  the  protective  effect  in  percentages  of  the 
concentration  of  the  additive  is  presented  in  Fig.  2.  Tyrosine  de¬ 
composition  begins  to  decrease  after  the  introduction  of  rather 
small  amounts  of  cysteine  hydrochloride:  29.9$  from  the  addition 
of  1.10**"  M  cysteine  [5:1]  and  75$  at  an  additive  concentration 
equal  to  5*10  "  M  [1:1 3.  From  introduction  of  l^lO”*  M  cysteine 
[1:2]  the  protective  effect  equals  93$,  that  is,  practically  com¬ 
plete  protection  of  tyrosine  is  observed.  The  nature  of  the  ef¬ 
fect  of  the  addition  of  cysteine  on  the  formation  of  the  toxic 
product,  3,^-DOPA,  as  seen  from  Fig.  2,  is  reminiscent  in  general 
outline  of  its  protective  effect  on  tyrosine  decomposition.  Some 
difference  in  the  values  of  the  protective  effect  of  cysteine  hy¬ 
drochloride  on  tyrosine  decomposition  and  3,^-DOPA  accumulation 
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indicated  that  although  the  bulk  of  the  added  substance  is  consumed 
in  a  competitive  reaction  with  OH  radicals  which  go  into  the  hydroxy- 
lation  of  tyrosine's  phenol  ring  with  the  production  of  3»**-D0PA, 
some  of  it  goes  into  inhibition  of  other  processes  of  the  radiation- 
chemical  conversion  of  tyrosine,  in  particular,  evidently  iritp  the 
radiation  deamlnlatlon  processes. 

The  results  obtained  showed  that  substances  which  are  good  ac¬ 
ceptors  of  free  radicals  have  a  high  protective  effect  and  prevent 
the  formation  of  certain  products  of  amino  acid  radiolysis  with  a 
toxic  effect. 
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THE  ROLE  OF  LIPID  RADIOTOXINS  IN  THE  TOXIC  RADIATION  EFFECT 

Yu.B.  Kudryashov 

(Department  of  Biophysics,  Moscow  State  University) 

It  is  well  known  at  the  present  time  that  nuclear  irradiation 
is  capable  of  causing  the  injury  and  death  of  any  organ,  any  living 
cell.  Therefore,  problems  of  radiobiology  are  general  biological 
problems  touching  upon  the  interests  of  biologists  with  the  most  - 
diverse  specialities. 

Over  the  course  of  the  70-year  history  of  radiobiology  a  tre¬ 
mendous  amount  of  material  pertaining  to  the  general  response  reac¬ 
tion  of  organisms  to  irradiation  has  been  accumulated.  It  is  known 
that  radiation  injury  is  a  set  of  complex  and  interconnected  changes 
in  the  organism.  In  the  final  analysis  the  changes  affect  the  en¬ 
tire  organism  as  a  whole  and,  to  one  or  another  degree,  all  of  its 
organs  and  tissues.  However,  in  spite  of  the  fact  that  the  general 
biological  changes  in  an  irradiated  organism  have  been  well  studied, 
present-day  radiobiology  has  relatively  little  information  on  the 
primary  physico-chemical  changes  and  the  triggering  mechanisms  of 
radiation  injury. 

For  example,  there  are  still  no  convincing  answers  to  the  fol¬ 
lowing  questions: 

1)  Why  is  the  energy  of  deadly  doses  of  ionizing  radiation  so 
small  that  it  is  not  capable  of  causing  significant  changes  in 
molecules  at  the  moment  of  the  cells’  irradiation? 

2)  What  are  the  intensifying  mechanisms  which  bring  about  the 
slight  primary  injuries  In  the  cells  and  lead  sometimes  a  long  time 
after  the  irradiation  to  profound  pathological  disturbances  and  to 
death? 

3)  What  is  the  mechanism  of  action  of  radioprophylactic  sub¬ 
stances  which  are  capable  of  protecting  organisms  from  radiation 
injury  only  when  introduced  before  irradiation? 

The  resolution  of  these  questions  will  make  it  possible  to  in¬ 
terpret  specific  primary  reactions  of  radiation  injury  and  intensi¬ 
fying  mechanisms  which  gradually  lead  to  death  of  the  irradiated 
organisms.  An  explanation  of  the  nature  of  the  primary  reactions 
and  the  intensifying  mechanism  of  radiation  injury  will  create  a 


At*!*** 


-  112 


basis  for  effective  prophylaxis  and  treatment  of  radiation  injury. 

At  the  present  time  there  are  various  hypotheses  and  theories 
pertaining  to  the  primary  and  triggering  reactions  of  radiation  in¬ 
jury.  Among  them  the  radiotoxin  (RT)  theory  has  been  put  forward 
many  times  by  various  authors.  According  to  this  theory,  biological¬ 
ly  active  toxic  substances  responsible  for  the  development  of  radia¬ 
tion  injury  are  accumulated  in  the  organs  and  tissues  of  the  Irrad¬ 
iated  organism. 


For  example,  as  early  as  1S05  Llnzer  and  Helber  [1]  found  that 
toxic  substances,  "leucotoxins,"  causing  destruction  of  the  leuco¬ 
cytes  and  leading  to  leucopenia  are  produced  in  the  blood  of  irrad¬ 
iated  animals.  In  1912  Werner  [2]  expressed  the  hypothesis  that  the 
development  of  radiation  injury  is  caused  by  the  effect  of  lecithin 
radiolysis  and  the  formation  here  of  a  toxic  product,  choline.  In  the 
forties  Ellinger  [3]  introduced  the  "histamine  theory  of  the  biolog¬ 
ical  effect  of  irradiation."  Recently,  much  work  has  been  carried 
out  by  Krichevskaya  C1!]  who  studied  the  role  of  histamine  in  radia^- 
tion  injury.  In  the  opinion  of  Klemparskaya  [5],  Sverdlov  [6],  Ballk 
and  L* vitsyna  [7],  products  of  protein  decomposition  can  play  a 
large  role  in  the  development  of  the  pathogenesis  of  radiation  injury. 


On  the  basis  of  numerous  experiments  on  changes  in  the  biologi¬ 
cal  properties  of  the  blood  of  irradiated  animals,  Gorizontov  [8] 
presented  convincing  evidence  of  the  entry  of  biologically  active 
substances  into  the  blood  which  promote  the  development  of  radiation 
toxemia.  He  came  to  a  conclusion  concerning  the  presence  in  the 
blood  of  irradiated  animals  of  various  toxic  components  In  different 
sections  of  the  organism  and  in  different  periods  of  the  radiation 
lesion. 


It  was  shown  by  the  work  of  A.M.  Kuzin  (see  [9]  and  this  col¬ 
lection,  page  M)  and  his  colleagues  that  ortftophenols ,  which  in 
living  tissue  easily  undergo  reversible  oxidation  forming  toxic 
quinones,  increase  in  the  organs  and  tissues  of  irradiated  plants, 
as  well  as  in  the  liver  of  animals.  The  data  obtained  by  Kuzin  in¬ 
dicate  the  large  role  of  oxidation  reactions  in  RT  production  and 
their  indisputable  significance  in  the  development  of  the  patho¬ 
genesis  of  radiation  injury. 

Considering  the  great  importance  of  oxidation  processes  in 
the  development  of  the  primary  reactions  of  radiation  lesion,  Taru- 
sov  [10,  11]  created  the  theory  of  the  development  of  chain  oxida¬ 
tion  reactions  in  the  biollpids  of  irradiated  cells  and  tissue. 
Principal  attention  in  this  theory  is  given  to  the  problem  of  the 
formation  of  the  primary  toxic  substances. 

In  our  work,  begun  in  1953,  toxic  lipid  substances  have 
chiefly  been  investigated.  ' 

The  basic  task  of  the  given  work  was  a  study  of  the  role  of 
various  toxic  substances  in  radiation  lesion  and  establishment  of 
the  leading  mechanisms  in  the  toxic  radiation  effeot.  The  work  was 
performed  by  a  group  consisting  of  graduate  students,  probationers, 


port-graduate  students  and  colleagues  of  the  Soil  Biology  Depart¬ 
ment  of  Moscow  State  University, 

The  materials  and  methods  of  the  studies  are  set  forth  in 
other  papers  from  our  department  which  are  published  in  this  collec¬ 
tion. 

Some  background  Indications  of  the  degree  of  severity  of  rad¬ 
iation  lesion  of  animals.  As  is  known,  the  death  rate  of  the  affect¬ 
ed  animals  can  serve  as  the  most  general  indication  of  the  injuri¬ 
ous  effect  of  high  doses  of  ionizing  radiation.  Even  at  the  same 
dose,  death  of  the  animals  occurs  at  different  times  after  irradia¬ 
tion,  that  ic ,  the  degree  of  severity  of  the  injury  is  different  in 
different  animals.  Therefore,  in  selecting  animals  for  an  experi¬ 
ment  the  degree  of  severity  of  the  developing  radiation  lesion  was 
controlled  and  the  experiments  were  conducted  against  this  background. 
The  animals'  physiological  state,  a  change  in  body  weight,  a  change 
in  the  amount  of  the  regular  blood  elements,  erythrogram  curves  and 
others  were  recorded  as  such  background  indications  in  our  experi¬ 
ments  . 

Thus,  it  is  seen  from  Pig.  1  that  for  each  form  of  radiation 
lesion  of  rats  there  are  characteristic  changes  in  the  erythrograms 
and  in  the  same  form  of  radiation  lesion,  depending  on  the  time 
passed  after  irradiation,  regular  changes  occur  in  the  erythrograms. 
The  experiments  on  rats  carried  out  in  the  present  work  confirm 
data  obtained  by  Terskov  and  Qltel'zon  [12]  on  rabbits. 

The  change  In  the  level  of  various  biologically  active  sub¬ 
stances  during  the  development  of  radiation  lesion.  Along  with  the 
background  indications  of  the  degree  of  severity  of  radiation  lesion, 
kinetic  curves  of  the  change  in  the  level  of  biologically  active 
substances  in  various  organs  and  tissues  of  animals  (rabbits,  mice 
and  rats)  irradiated  with  different  types  of  ionizing  radiation 
were  traced . 

As  an  example  we  present  data  from  a  study  of  the  change  in  the 
level  of  histamine,  choline,  quinones,  protein  decomposition  pro¬ 
ducts  and  the  activity  of  lipid  RT  in  the  liver  of  rats  irradiated 
with  y-radiation  in  a  dose  of  800  r  (acute  form  of  radiation  lesion). 

It  is  seen  from  Pig.  2  that  changes  in  the  amount  of  biologi¬ 
cally  active  substances  in  the  liver  of  irradiated  rats  change  in 
a  wave-like  manner  over  the  course  of  the  whole  period  of  acute 
radiation  lesion.  In  the  first  phase  of  acute  radiation  lesion  (from 
5  min  to  1-2  days  after  Irradiation)  intensified  accumulation  of 
histamine,  choline  and  quinones,  as  well  as  the  inhibition  of  pro¬ 
tein  decomposition  processes  occurs.  Then  all  these  changes  arrive 
at  the  normal  level  and  in  the  period  of  manifest  clinical  changes 
a  decrease  in  the  level  of  histamine,  choline  and  quinones  in  the 
liver  is  observed.  This  decrease  phase  sets  in  at  different  times 
for  different  toxic  substances:  earliest  for  the  quinones,  then  for 
histamine  and  in  a  later  period  for  choline.  In  the  period  of 
manifest  ollnlcal  changes  a  progressive  increase  in  protein  decom¬ 
position  products  occurs.  In  distinction  to  the  described  phase 
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Pig.  1.  Change  in  erythrograras  of  rata  irradiated  with  different 
doses  of  y-rays.  1)  Irradiation  with  a  dose  of  200  r;  2)  irradia¬ 
tion  with  a  dose  of  600  r  (animal  died  on  19th  day  after  irradia¬ 
tion);  3)  irradiation  with  a  dose  of  600  r;  IT  irradiation  with  a 
dose  of  800  r  (animal  died  on  7th  day  after  irradiation).  Dotted 
line  is  erythrogram  of  unirradiaFed  rat;  smooth  line  is  erythro- 
gram  of  same  rat  after  irradiation  with  y-rays.  The  time  whioh 
passed  after  irradiation  is  noted  near  each  erythrogram. 
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Pig.  2.  Change  In  RT  level  in  rat  livers  after  irradiation  in  a  dose 
of  800  r  at  different  periods  of  the  radiation  lesion  (100%  -  con¬ 
trol).  1)  Histamine;  2)  c  holine;  3)  hemolytic  activity;  4)  quinones; 
5)  protein  decomposition  products. 


(changes  in  the  level  of  biologically  active  substances,  lipid  RT 
are  found  over  the  entire  period  of  the  radiation  lesion  (see  Pig. 
2). 

The  greatest  activity  of  lipid  RT  is  found  in  the  liver  of  ir¬ 
radiated  animals,  and  it  also  can  be  found  in  other  organs  and  tis¬ 
sues  (see  this  collection,  page  126).  Data  on  the  detection  of  lipid 
RT  in  the  blood  are  of  great  interest;  this  clearly  can  be  used  for 
purposes  of  radiation  diagnostics.  Subsequently,  it  was  shown  in  the 
Department  of  Biophysics  of  Moscow  State  University  that  in  the  in¬ 
tricate  complex  of  the  toxic  radiation  effect  lipid  RT  perform  a 
leading  role.  In  connection  with  this  a  study  of  the  chemical  na¬ 
ture  of  lipid  RT  was  carried  out,  a  search  for  them  in  various  bio¬ 
logical  specimens  was  made  and  the  characteristics  of  the  effect  of 
lipid  RT  on  various  biological  systems  were  determined. 

The  chemical  nature  of  lipid  RT.  Earlier  it  was  found  in  the 
department  that  lipid  RT  go  over  completely  into  the  .ree  unsatur¬ 
ated  fatty  acid  fraction  (Table  1).  Gorkin  [13,  14]  used  this  chemi¬ 
cal  separation  method  for  identifying  nonimmune  tissue  hemolysins 
whioh  form  during  the  intensification  of  autolytic  reactions.  The 
data  which  we  obtained  indicate  that  lipid  RT  are  very  close  to  the 
tissue  hemolysins  studied  by  Gorkin  in  chemical  properties. 


0 

Later,  by  using  the  methods  of  thin-layer  chromatography  and 
polarography  it  was  possible  to  show  (see  this  collection,  page  126) 
that  lipid  RT  are  oxidation  products  of  unsaturated  fatty  acids, 
and  peroxides  and  epoxides  are  the  principal  substances  responsible 
for  the  toxic  effect. 

By  using  oxidised  oleic  acid  [00A]  (00(C)  as  a  model,  it  was 
possible  to  show  that  00A  is  similar  in  biological  effect  to  the 
effect  of  lipid  RT. 

In  our  opinion,  mainly  the  unsaturated  fatty  acids  and  lecithin 
which  are  part  of  all  colls  are  the  principal  suppliers  of  the  lipid 
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RT. 

Ifc  is  necessary  to  reexamine  Werner's  tjieory  [2]  about  the  lib¬ 
eration  of  choline  as  a  result  of. ,leei thin  ragiolymls  and  concern¬ 
ing  choline's  leading  role  in  radiation  lesion  from  the  standpoint 
of  the  production  of  the  mentioned  unsaturated  fatty  acid  oxida¬ 
tion  products.  '  V  * 

It  is  assumed  in  the  present  work  that  as  a  result  of  the  ac¬ 
tion  of  radiation  on  cells  intensified  decomposition  ot  lecithin 
occurs  and  the  unsaturated  fatty  acids  which  are  liberated  in  this 
case  are  easily  oxidized.  Other  unsaturated  fatty  acids  contained 
in  the  cells  also  undergo  oxidation.  The  demarcation  of  the  primary 
physicochemical  radiation  effect  of  lipid  RT  production  and  secondary 
effects  which  result  in  a  disturbance  of  normal  biochemical  reac¬ 
tions  is  very  important  in  a  study  of  the  formation  of  lipid  RT. 


TABLE  1 

Purification  of  Hemolytic  Factor  Produced  in  the  Liver  of  Rats  Ir¬ 
radiated  with  a  Dose  of  650  r  (Third  Day  after  Irradiation) 


Tin  connection  with  the  fact  that  at  the  first  stages  of  the 
preparation's  purification  its  hemolytic  activity  reaches  100#, 
the  need  arose  to  express  the  preparation's  activity  not  in  per¬ 
centages  (as  was  done  for  water-salt  tissue  extracts),  but  in 
hemolytic  units,  Q. Ye. ,  per  mg  of  wet  weight  of  the  original  tis¬ 
sue.  The  hemolytic  unit  was  used  in  the  purification  of  tissue 
hemolysins  by  Gorkin  [13,  1#]  in  1953*  it  designates  the  minimal 
amount  of  original  substance  in  1  mg  of  wet  tissue  whloh  causes 
50%  hemolysis. 


-  U7  - 


1)  Activity  of  preparation1,  G.Ye./mg:  2)  liver  homogenate,  extrac¬ 
tion  with  butanol;  3)  butanol  phase;  4)  ether  phase;  5)  aqueous 
phase;  6)  precipitate;  7)  centrifugate;  8)  free  un3aturated  fatty 
acids;  9)  removal  of  butanol,  dissolving  of  oily  residue  in  ether, 
extraction  of  mixture  with  ether-water  at  pH  5;  10)  extraction  of 
mixture  with  ether-water  at  pH  8;  11)  precipitation  with  lead  ace¬ 
tate  in  neutral  medium;  12)  dissolving  in  boiling  ethyl  alcohol 
containing  1.5%  glacial  acetic  acid.  Incubation  for  24  hrs  at  room 
temperature.  Centrifugation;  13)  removal  of  alcohol,  dissolving  in 
ether,  separation  of  the  salts  with  dilute  hydrochloric  acid;  Hi ) 
dissolving  in  ether.  Separation  of  salts  with  dilute  nitric  acid. 


Initially  and  secondarily  forming  lipid  RT.  It  was  possible  to 
show  in  experiments  on  yeast  cells  (see  this  collection,  page  144) 
that  lipid  RT  can  be  found  immediately  after  irradiation.  Biochemi¬ 
cal  processes  are  strongly  inhibited  in  yeast  cells  cultured  in  an 
aqueous  medium.  However,  in  spite  of  this,  prolonged  (for  24  hrs 
and  more)  maintenance  of  the  cells  in  water  in  a  nondividing  state 
leads  to  a  decrease  in  the  activity  of  the  lipid  RT  previously 
formed  in  them.  Placing  the  yeast  cells  in  nutrient  must  lead  to 
intensification  of  the  secondary  biochemical  reactions  and  RT  ac¬ 
tivity  increases.  Lipid  RT  also  was  found  in  organs  and  tissues  of 
irradiated  animals  immediately  after  irradiation.  Experiments  (see 
this  collection,  page  133)  showed  that  in  the  first  hours  after 
irradiation  lipid  RT  are  found  in  a  free-radical  state:  introduced 
acrylamide  is  polymerized  in  the  active  fraction  of  oxidized  un¬ 
saturated  fatty  acids.  In  a  later  period  of  the  development  of 
radiation  lesion,  in  spite  of  an  increase  in  RT  activity,  unsatur¬ 
ated  fatty  acid  oxidation  products  were  not  found  in  a  radical 
state. 

All  these  data  make  it  possible  to  speak  about  the  existence 
of  lipid  RT  in  at  least  two  active  forms:  primary  -  free-radical 
form  and  secondary  -  nonradical,  stable  form. 

To  explain  the  question  of  the  formation  of  primary  active 
products  in  unsaturated  fatty  acids,  experiments  [153  made  at  the 
molecular  level  were  carried  out  on  the  radlolysls  of  substances 
dissolved  in  oleic  acid.  6-carotene,  which  is  soluble  in  oleic  acid, 
whose  concentration  can  be  rapidly  determined  by  the  photoelectro- 
colorimetric  method,  is  most  convenient  to  use  as  such  a  substance. 

The  results  of  the  experiments  are  depicted  in  Pig  .3,  from 
which  it  is  seen  that  solutions  of  6-carotene  in  oleic  acid  in  con¬ 
trast  to  other  carotene  solutions  are  very  radiosensitive.  A  crys¬ 
talline  6-carotene  preparation  has  high  radioresistance.  In  these 
experiments  [15]  it  was  also  possible  to  obtain  for  solutions  of 
carotene  in  oleic  acid  an  effect  known  from  the  literature  for 
aqueous  solutions  under  the  name  of  "radlolysls  Independence  of 
concentration  effect"  (or,  differently,  Deyl’s  effect).  In  a  speci¬ 
fic  range  of  carotene  concentrations  in  equal  volumes  of  test  sam¬ 
ples  Irradiated  with  the  same  dose,  the  radlolysls  of  an  equal  num¬ 
ber  of  carotene  molecules  occurs  (Pig.  4).  Preliminary  irradiation 
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of  oleic  acid  and  subsequent  dissolving  of  0-carotene  in  It  does 
not  lead  to  destruction  (oxidation)  of  the  dissolved  substance. 

Duration  of  sample  Incuba¬ 
tion  at  18°,  min 
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Fig.  3.  Radiolysis  of  carotene  in  test  samples  depending  on  dose 
of  Y-ir radiation.  1)  Irradiation  of  crystalline  B-carotene  at  18° 
(dose  rate  1-5  kr/min);  2,  3  and  ft)  oxidation  of  unirradiated  0-caro¬ 
tene  at  18°  in  butanol,  petroleum  ether  and  oleic  acid,  respective¬ 
ly;  5  and  6)  radiolysis  of  0-carotene  at  -196°  (dose  rate  1  kr/ain) 
In  butanol  and  oleic  acid,  respectively;  7  and  8)  radiolysis  of 
8-carotene  at  18°  (dose  rate  from  0.011  to  1  kr/min)  In  butanol  and 
petroleum  ether,  respectively;  9,  10  and  11)  radlolysls  of  0-caro- 
tene  In  oleic  acid  at  18°  at  dose  rates  of  1000,  660  and  11  r/min, 
respectively. 


All  this  can  indicate  that  active  short-lived  products  (radi¬ 
cal  type)  are  produced  in  oleic  acid  as  the  solvent.  The  production 
of  primary  lipid  RT  of  radical  type  evidently  occurs  as  a  result  of 
the  direct  action  of  radiation  on  an  unsaturated  fatty  acid. 

As  subsequent  experiments  showed  (see  this  collection,  page 
157)  the  primary  lipid  RT  which  are  produced  are  oapable  not  only 
of  being  active  with  respeot  to  dissolved  molecules,  but  also  cause 
destruction  of  cells.  Evidently,  primary  lipid  RT  are  capable  of 
causing  the  production  of  stable  secondary  products,  previously 
named  "natural  radlomimetlc." 

The  effect  of  lipid  RT  on  various  biological  specimens  and 
systems.  The  first  work  on  lipid  RT  was  devoted  to  a  study  of  their 
effect  on  erythrocytes  [16].  Extract#  and  water-salt  infusions  Iso¬ 
lated  from  tissues  of  Irradiated  animals  caused  hemolysis  of  erythro 
cytes  which  had  been  added  to  them.  Therefore,  the  active  substances 
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Pig.  4.  Radiolysis  of  0-carotene  depending  on  concentration  of 
solution.  1,  2,  3)  Irradiation  of  8-carotene  solution  in  oleic  acid 
with  doses  of  10,  5  and  2  kr,  respectively;  4  and  5)  irradiation  of 
8-carotene  solution  with  a  dose  of  15  kr  in  petroleum  ether  and  ou- 
tanol,  respectively.  Dose  rate  of  irradiation  1  kr/min,  volume  of 
samples,  2  ml. 


Dose,  kr 


Concentration  of  00 A 


Pig.  5.  Survival  rate  of  yeast  cells  after  addition  of  lipid  RT 
(smooth  curves)  and  t-irradittlon  (broken  curves).  1)  Diploid 
cells;  2)  haploid  cells. 


found  In  extracts  and  infusions  of  organs  of  irradiated  animals 
were  called  the  "hemolytic  factor." 


Later,  in  experiments  [17]  carried  out  on  various  biological 
specimens  and  systems ,  it  was  possible  to  show  that  lipid  RT  have 
the  ability  to  imitate  many  manifestations  of  radiation  lesion 
(hence  the  name  "natural  radiomimetic") . 

Thus,  it  was  shown  on  yeast  cells  that  lipid  RT  cause  injury 
of  yeast  cells  (Pig.  5),  disturbing  division  processes  with  the 
development  of  the  pathological  forms  and  colony  sizes  so  charac¬ 
teristic  of  radiation  injury. 

It  is  very  important  to  note  that  histamine,  choline  and  some 
other  toxic  rroducts  were  not  capable  of  causing  inactivation  of 
yeast  colonies,  similar  to  radiation  inactivation. 

Afte*  the  introduction  of  RT  into  animals,  depending  on  the 
dose  and  the  method  of  the  preparations*  introduction,  acute,  ex¬ 
tremely  acute  and  chronic  forms  of  lesion  ,  similar  to  radiation 
lesion,  develop  [173.  Lipid  RT,  introduced  into  enimals,  cause 
pnysiological ,  morphological  and  hlstochemlcal  changes,  similar  in 
many  details  to  changes  occurring  after  irradiation  of  animals  with 
ionizing  rays. 


— ■  •  w  .  -w  w  w 
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Pig.  6.  Oxygen  absorption  and  binding  of  Inorganic  phosphate  in 
isolated  mitochondria  from  the  effect  of  lipid  RT  in  different  con¬ 
centrations.  1)  Addition  of  lipids  from  liver  of  healthy  (unir rad¬ 
iated)  rabbits;  2)  addition  of  lipid  RT.  it)  Control  (intact  mito¬ 
chondria). 


Data  obtained  from  a  study  of  the  change  in  the  aicrostructure 
of  intestinal,  liver,  kidney  snd  myocardial  tissue,  as  well  ss 
from  hlstochemlcal  studies  of  these  organs  (ribonucleic  acid,  neu¬ 
tral  fat  and  lipase  content)  are  presented  in  this  collection 
(see  page  169).  On  the  basis  of  these  date  a  conclusion  is  drawn 
concerning  the  similarity  of  morphological  and  hlstochemlcal  changes 
caused  by  the  action  of  lipid  RT  and  radiation  (see  this  collection, 
page  169). 

A  study  of  hematological  changes  showed  thst  here  a  radiome- 
tic  effect  is  also  observed  in  the  action  of  lipid  RT.  Change#  are 


observed  in  the  physicochemical  structure  of  the  erythrocytes  and 
shifts  in  erythrograms  which  are  usual  for  radiation  lesion  occur 
[17].  In  addition  to  the  pathological  changes  mentioned,  lipid 
RT  cause  changes  in  oxidative  phosphorylation  processes  (Fig.  6) 
in  isolated  mitochondria  and  a  disturbance  in  autolytic  processes 
[17]  analogous  to  those  due  to  ionizing  radiation. 

Data  obtained  on  the  ability  of  lipid  RT  to  cause  the  produc¬ 
tion  of  other  biologically  active  substances  which  participate  in 
the  toxic  radiation  effect  —  histamine  (see  this  collection,  page 
220),  choline  (see  page  21^4)  and  quinones  (see  page  201)  are  very 
important.  On  the  other  hand,  it  was  not  possible  to  cause  the 
production  of  lipid  toxic  substances  after  the  introduction  of 
histamine,  choline  or  quinones  even  in  high,  nonphysiological 
doses  in  the  given  experiments. 

The  data  obtained  make  it  possible  to  speak,  first,  about  the 
radiomimetic  effect  of  lipid  RT  and,  second,  about  their  leading 
role  in  the  general  radiation  effect. 

The  conclusion  concerning  the  leading  role  of  lipid  RT  found 
additional  confirmation  in  a  series  of  papers  devoted  to  a  study  of 
the  participation  of  lipid  RT  in  the  primary  reactions  of  radiation 
lesion. 

It  is  well  known  [9,  13]  that  a  decrease  in  a  cell's  oxygen 
content,  as  well  as  the  addition  of  radioprophylactic  substances 
promotes  inhibition  of  tne  development  of  the  primary  reactions. 

It  is  shown  in  the  experiments  which  were  conducted  that  in  con¬ 
trast  to  a  number  of  other  toxic  substances,  lipid  RT  are  capable 
of  participating  in  the  primary  reactions  of  radiation  lesion. 

Thus,  the  oxygen  radiomimetic  effect  and  the  decrease  in  the  ac¬ 
tivity  of  lipid  RT  by  radioprophylatic  substances  were  found  [17]. 

The  protective  effect  was  thoroughly  studied  on  various  biologi¬ 
cal  specimens  and  systems  -  in  animals,  yeast  cells  and  erythro¬ 
cytes  . 

The  protection  of  erythrocytes  from  the  radiomimetic  effect 
of  a  lipid  RT  model  -  oxidized  oleic  acid  (00A)  -  is  illustrated 
in  Table  2.  On  the  basis  of  these  data,  as  well  as  previously 
mentioned  data  on  the  free  radical  state  of  the  primary  lipid  RT, 
it  can  be  considered  that  lipid  RT  are  capable  of  participating  in 
primary  radiation  reactions.  Radiomimetic  models  for  rapid  and  prelim¬ 
inary  evaluation  of  radioprotectors  were  created  on  the  basis  of 
this  conclusion  [17].  The  necessity  for  such  models  is  urgently  dic¬ 
tated  by  the  fact  that  evaluation  of  new  radioprotectors  is  associa¬ 
ted  with  large  expenditures  of  time  and  resources.  The  radiomimetic 
models  which  we  have  suggested  in  combination  with  other  methods 
[17]  make  it  possible  to  make  an  orienting  evaluation  of  prepara¬ 
tions  in  a  few  hours,  thereby  facilitating  preliminary  selection 
of  new  synthetic  radioprotectors. 

The  following  conclusions  can  be  drawn  on  the  basis  of  what 
has  been  stated  above: 
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TABLE  2 

Effectiveness  of  Some  Chemical  Compounds  with 
Respect  to  Oleic  Acid  Hemolysis  (from  Kudrya¬ 
shov  and  Kakushkina) 
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*50%  -  time  of  onset  of  50%  hemolysis. 
b  Literature  data. 

c  Aminothiols  and  aminodisulfides  are  used 
in  the  form  of  hydrochloride  salts. 
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Isothiuronium  derivatives  are  used  in  the 
form  of  hydrobromide  salts. 

e  Compounds  poorly  soluble  in  water. 

1)  Chemical  compound;  2)  concentration,  M  (or  $);  3)  00.4  activity 
fc50?a;  *0  protection  coefficient  *50$(exP. )/t50%  (control) j  5)  pro¬ 
tection  of  animals  (mice)13;  6)  cysteamine0;  7)  N-diethylmercaptoethy- 
lamine;  8)  N-(B-mercaptoethylpiperidine) ;  9)  cystamine0;  10)  NN-tetra- 
methylcystamine;  11)  bis-(E-aminopentyl)-disulfide ;  12)  S,$-amino- 
ethylisothiuroniumd;  13)  N-methyl-6-aminoethylisothiuronium;  14) 
N-dimethyl-8-aminoethylisothiuronium;  15)  thiazolidine;  16)  0-amino- 
ethylthiosulfuric  acid;  17)  propylgallate  (propyl  ester  of  gallic 
acid);  18)  N-diethylaminoethyl  ester  of  3,5-dimethylgallic  acid; 

19)  N-(3,5-dibutyl-4-oxy)-benzylaminoethylisothiuronium;  20)  3,5- 
ditertiary  butyl-4-oxy-a-methylbenzylamine ;  21)  2,4,8-trimethyl-3- 
oxypyridine;  22)  hyaluronic  acid;  23)  ascorbic  acid;  24)  a-alamlne; 

25)  blood  plasma;  26)  high;  27)  average;  28)  does  not  protect;  29) 
low;  30)  yeast  lipopolysaccharide;  31)  B.  coll  llpopolysaccharide ; 

32)  Abortus  equi  lipopolysaccharide;  33)  mucopolysaccharide  (bovine 
spleen);  3*0  mucopolysacchardide  (bovine  stomach  mucosa) . 


1.  Ionizing  radiation  causes  in  irradiated  organisms  the  produc¬ 
tion  of  a  group  of  toxic  substances  which  brings  about  intensifica¬ 
tion  of  the  radiation  effect.  The  following  biologically  active  sub¬ 
stances  are  part  of  this  group:  lipid  RT,  quinones,  histamine,  cho¬ 
line  and  protein  decomposition  products. 

2.  A  phase  change  is  observed  in  the  amount  of  quinones,  cho¬ 
line,  histamine  and  protein  decomposition  products  in  animal  organs 
and  tissues  depending  on  the  time  passed  after  irradiation  with  ion¬ 
izing  radiation.  Lipid  RT  activity  is  found  over  the  course  of  the 
whole  period  of  acute  radiation  lesion  . 

3.  Lipid  RT  are  one  of  the  substances  which  play  a  leading  role 
in  the  development  of  radiation  toxemia  since  they  a)  are  capable 

of  participating  in  the  primary  reactions  of  radiation  lesion 
(primary  lipid  RT);  b)  being  present  immediately  after  irradiation, 
are  capable  of  causing  the  accumulation  of  other  biologically  ac¬ 
tive  substances  (quinones,  choline  and  histamine)  and  causing  in¬ 
tensified  protein  decomposition. 

4.  In  chemical  nature  lipid  RT  are  a  group  of  oxidized  prod¬ 
ucts  of  unsaturated  fatty  acids  -  mainly  peroxides  and  epoxides. 
Primary  lipid  RT  are  found  in  a  free  radical  state,  secondary  -  in 
a  stable,  nonradical  state. 

5.  In  acting  on  various  biological  specimens  and  systems,  lipid 
RT  are  capable  of  imitating  radiation  lesion  in  various  indices. 

6.  Lipid  RT  can  be  used  for  a  preliminary  rapid  evaluation  of 
various  groups  of  radioprophylactic  substances. 
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THE  CHEMICAL  NATURE  OF  LIPID  RADIOTOXINS  AND  THEIR 
DISTRIBUTION  IN  ORGANS  AND  TISSUES 

T.A.  Astakhova,  S.G.  Bllushl,  Ye.N.  Goncharenko  and  Yu.B.  Kudryashov 
(Department  of  Biophysics,  Moscow  State  University) 

It  has  been  shown  by  the  work  of  Mochalina  [1],  Kudryashov 
[2]  and  others  that  after  irradiation  a  "hemolytic  factor"  which 
has  the  capacity  to  destroy  erythrocytes  of  healthy  rats  in  vitro 
develops  in  various  animal  (mouse  and  rat)  organs  and  tissues. 

The  hemolytic  activity  of  the  tissue  extracts  was  determined 
by  the  visual  method.  In  studying  the  nature  of  the  hemolytic  fac¬ 
tor,  Kudryashov  [3]  showed  that  the  hemolysin  under  investigation 
is  thermostable  and  dissolves  well  in  diethyl  ether  and  butanol  and 
upon  extraction  with  an  ether-water  mixture  and  at  pH  8  moves  into 
the  aqueous  phase.  At  pH  5  it  is  found  in  the  ether.  This  indicates 
that  the  active  substance  is  a  fatty  acid.  Upon  separation  of  un¬ 
saturated  fatty  acids  from  saturated  fatty  acids,  the  hemolytic 
activity  moves  into  the  unsaturated  fatty  acid  fraction. 

Oxidized  oleic  acid,  which  in  different  biological  systems 
and  on  various  specimens  caused  changes  similar  to  those  arising  from 
the  action  on  these  systems  and  specimens  of  a  hemolytic  factor  iso¬ 
lated  directly  from  the  organism  of  irradiated  animals,  was  used  in 
subsequent  work  [4]  as  a  model  of  the  hemolytic  factor.  Similar  data 
served  as  further  evidence  of  the  similarity  of  lipid  radiotoxins 
CRT]  (pt)  and  oxidized  oleic  acid. 

Terskov  and  Oitel’zon's  chemical  (acid)  erythrogram  method 
[6]  modified  by  Yu.B.  Kudryashov  and  M.L.  Kakushkina  was  subse¬ 
quently  used  for  an  objective  quantitative  study  of  the  hemolytic 
activity  of  lipid  fractions  of  the  liver  of  irradiated  animals  [5]. 

In  connection  with  this  it  became  necessary  to  investigate  at  a 
new  methodological  level,  which  excludes  the  effect  of  autolytic 
and  oxidation  processes,  the  distribution  of  lipid  RT  in  various 
organs  and  tissues  of  irradiated  animals.  Moreover,  with  a  com¬ 
bination  of  the  erythrogram  method  and  the  present-day  method  of 
determining  the  ohemioal  nature  of  substances  -  thin-film  chroma¬ 
tography  -  it  became  possible  to  continue  and  to  broaden  the  study 
of  the  chemical  nature  of  lipid  RT.  This  paper  is  devoted  to  these 
two  questions . 
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The  hemolytic  activity  of  the  liver,  intestine,  stomach,  kid¬ 
neys,  testicles,  muscles,  brain,  omentum  and  blood  of  irradiated  and 
unlrradlated  rabbits  was  studied.  The  animals  were  irradiated  with 
a  dose  of  800  r  in  GUBE-800  equipment.  The  animals  were  decapitated 
on  the  third  day  after  irradiation.  Removal  of  the  tissues,  their 
homogenization  and  extraction  were  carried  out  in  a  cold  chamber 
at  a  temperature  of  3-8°.  Diethyl  ether  (8-fold  volume)  was  used 
as  the  extractant.  The  diethyl  ether  was  first  freed  from  peroxides 
(according  to  Yur'yev's  method).  For  best  extraction  the  mixture 
of  homogenate  and  solvent  was  shaken  on  a  mechanical  shaker  for 
2-3  hrs  and  then  left  overnight  at  a  low  temperature  (3-8°).  The  ex¬ 
tracts  obtained  were  filtered  from  the  homogenate  and  the  solvent 
removed  under  vacuum  in  a  film  evaporator  which  eliminates  the  pos¬ 
sibility  of  intensive  oxidation  of  the  samples  due  to  rapid  distil¬ 
lation,  decreased  temperature  and  decreased  pressure.  The  lipid 
fractions  obtained  were  freed  from  phospholipids  by  precipitating 
them  with  a  2".  5-fold  volume  of  acetone. 

Determination  of  the  samples'  hemolytic  activity  was  carried 
out  by  a  modified  [5]  acid  erythrogram  method.  The  chemical  nature  of 
the  'hemolytically  active  lipid  RT  products  was  determined  by  the 
method  of  thin-layer  chromatography  in  a  fixed  silicogel-gypsum 
layer  [7].  A  hexanediethyl  ether-acetic  acid  system  (in  a  propor¬ 
tion  of  85:15:1)  was  used.  A  10%  alcoholic  solution  of  phosphomo- 
lybdic  acid  was  used  as  the  developer.  To  test  hemolytic  activity, 
the  obtained  fractions  were  scraped  off  together  with  the  adsorb¬ 
ent,  dissolved  in  diethyl  ether,  the  sediment  filtered  on  a  glass 
filter  (No.  3)  and  the  solvent  removed  in  a  film  evaporator.  The 
hemolytic  activity  in  the  samples  obtained  was  determined  by  the 
erythrogram  method. 

TABLE  1 

Hemolytic  Activity  of  Acetone  Fraction  of 
Lipids  Isolated  from  Various  Organs  and  Tis¬ 
sues  of  Irradiated  and  Unirradiated  Rabbits 
(dose  of  irradiation  800  r,  third  day  after 
irradiation;  reliability  of  experiment  99*) 
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1)  Tissue;  2)  lipid  concentration,  mg/ml;  3) 
time  of  50*  hemolysis,  min;  *0  experimental; 
5)  control;  6)  liver;  7)  intestine;  8)  blood; 
9)  testicles. 
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Pig.  1.  Hemolytic  activity  of  lipid  fractions  isolated  from  vari¬ 
ous  rabbit  organs.  Dotted  line  -  control;  smooth. line  -  experimental. 
1)  Exp.  No.  1;  2)  exp.  No.  2.  a)  Liver;  b)  blood;  c)  testicles;  d) 
muscle;  e)  brain;  f)  intestines;  g)  kidney;  h)  omentum;  i)  stomach. 


As  already  noted,  the  toxicity  of  the  lipid  fractions  was 
studied  by  determining  their  hemolytic  activity.  The  results  of 
the  experiments  are  presented  in  Pig.  1  and  Table  1. 

Brythrogram  curves  characterising  the  hemolytic  activity  of 
various  organs  are  depicted  In  Pig.  1.  As  seen  from  the  figure,  the 
time  at  which  a  maximum  is  reached  on  erythrogram  curves  pertaining 
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to  various  tissues  of  unirradiated  healthy  rabbits,  as  a  rule, 
varies  around  3-^  min.  In  samples  isolated  from  certain  tissues 
of  irradiated  animals,  the  time  at  which  a  maximum  is  reached  is 
shifted  to  the  left  in  comparison  with  normal.  Thus,  in  liver  it 
is  2.2  min  at  a  dilution  of  1:8.  In  testicle,  intestine  and 
blood  tissue,  similar  shifts  to  the  left  are  found  in  the  erythro- 
grams  characterizing  an  increase  in  hemolytic  activity  in  irradiated 
samples  in  comparison  with  the  control. 

Statistically  treated  data  on  the  time  of  reaching  50%  hemo¬ 
lysis  are  presented  in  Table  1.  It  is  seen  from  the  table  that  for 
liver,  intestine,  testicle  and  blood  tissues  of  irradiated  animals 
("experimental” )  the  time  of  50%  hemolysis  is  decreased,  which  in¬ 
dicates  an  increase  in  the  hemolytic  activity  of  various  tissues,  it 
can  be  seen  that  it  will  be  greatest  for  liver  and  smallest  for  tes¬ 
ticles.  We  did  not  succeed  in  finding  considerable  differences  in 
the  hemolytic  activity  of  the  kidneys  and  omentum  by  the  given  meth¬ 
od.  It  is  also  seen  from  Fig.  1  that  the  hemolytic  activity  of  mus¬ 
cle,  brain,  stomach  and  omentum  tissues  of  irradiated  rabbits  does 
not  differ  from  the  hemolytic  activity  of  healthy  unirradiated  rab¬ 
bit  tissues. 

The  experimental  data  on  the  distribution  of  lipid  RT  in  vari¬ 
ous  organs  and  tissues  generally  agree  with  previously  obtained  re¬ 
sults  on  the  dif >^ent  accumulations  of  hemolytically  active  RT  in 
individual  organs  Bhd  tissues. 

The  absence  of  a  statistically  reliable  increase  in  the  hemo¬ 
lytic  activity  in  certain  tissues  in  which  hemolytic  activity  was 
previously  found  after  irradiation  (muscle,  kidney  and  brain)  may 
have  several  explanations. 

First,  this  may  be  connected  with  the  fact  that  the  new  method 
of  obtaining  and  determining  lipid  RT  reduces  secondary  factors  which 
affect  it3  activity  (autolysis  and  oxidation)  to  a  minimum.  In  this 
case,  it  must  be  considered  that  lipid  RT  are  not  found  ir.  vi vo  in 
muscles,  kidneys  and  brain  and  their  hemolytic  activity  By  the  vis¬ 
ual  method  of  determination  is  associated  with  autolytic  and  oxi¬ 
dative  processes  which,  however,  proceed  more  intensively  in  vitro 
in  tissue  homogenates  of  irradiated  animals. 

Second,  this  may  be  connected  with  the  different  evaluations 
of  hemolytic  activity,  which  in  the  visual  method  is  calculated  per 
unit  weight  of  tissue  and  In  the  erythrogram  method  -  per  unit 
weight  of  the  lipid  fraction.  However,  it  is  known  that  after  irrad¬ 
iation  the  percentage  content  of  the  lipid  fraction  in  organs  and 
tissues  is  increased  with  respect  to  the  total  weight  of  the  organs. 
In  this  case  the  results  obtained  by  the  visual  and  erythrogram 
methods  do  not  contradict  each  other. 

Purther  experiments  should  show  which  explanation  should  be 
considered  correct.  With  regard  to  such  radiosensitive  organs  as 
liver,  testicles  and  Intestines,  an  Increase  in  the  hemolytic  ac¬ 
tivity  of  these  organa  4s  found  both  by  t*e  visual  and  by  the 
erythrogram  method  and  evidently  con  occur  not  only  through  an  in¬ 
crease  In  the  amount  of  the  hemolytically  active  fraction,  but  also 
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by  means  of  specific  chemical  changes,  since  the  increase  in  hemo¬ 
lytic  activity  occurs  per  unit  weight  of  the  lipid  fraction. 

The  results  obtained  agree  well  with  the  data  of  work  carried 
out  earlier  [7]  which  showed  an  increase  in  oxidation  products  in 
the  lipid  fraction  (peroxides,  epoxides,  aldehydes  and  ketones)  of 
the  liver  of  irradiated  animals. 

The  detection  of  hemolytic  activity  in  the  blood  is  Interesting 
and  new.  As  is  known,  many  authors  using  the  visual  method  did  not 
find  lipid  RT  in  the  blood  [8,  9].  Determination  of  hemolytic  activity 
in  the  blood  by  the  erythrogram  method  upon  further  development  can 
serve  as  material  for  diagnosis  of  radiation  lesion  (see  this  col¬ 
lection,  page  112). 


■oo  ■ 
°0  0 


Pig.  2.  Diagram  of  separation  of  lipid  liver  fraction  by  thin-fllm 
chromatography.  I)  Liver  lipids  of  control  rabbit;  II)  liver  lipids 
of  experimental  rabbit;  III)  oleic  acid;  IV)  cholesterol.  A)  Choles¬ 
terol  fraction;  B)  free  fatty  acid  fraction;  C)  triglyceride  frac¬ 
tion;  D)  cholesterol  ester  fraction. 


A  study  of  the  chemical  nature  of  lipid  RT  was  carried  out  on 
liver  tissue  which,  as  was  shown,  has  the  greatest  hemolytic  activ¬ 
ity  after  Irradiation.  We  were  able  by  the  method  of  thin- mm 
chromatography  on  a  fixed  sillcogel-gypsum  layer  to  separate  the 
samples  which  were  first  freed  of  phospholipids  (precipitation 
with  aoetone)  into  four  fractions  (Fig.  2):  cholesterol,  unsatura¬ 
ted  fatty  adds,  triglycerides  and  cholesterol  enters.  Identifica¬ 
tion  of  the  fractions  obtained  was  determined  both  with  markers  - 
chemically  pure  compounds  (cholesterol,  unsaturated  fatty  acid, 
oleic  acid  and  triglycerides)  and  by  means  of  a  comparison  witu  the 
literature  data  [11.  In  a  determination  of  the 
of  individual  fractions  it  was  possible  to  establish  that  all  the 
hemolytic  activity  found  in  the  original  sample  (before  dilution) 
goes  into  the  free  fatty  acid  fraction  (Pig.  3).  We  did  not  suc- 
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ceed  in  finding  statistically  reliable  differences  between  the 
experiment  and  control  in  the  cholesterol,  cholesterol  ester  and 
triglyceride  fractions.  The  reliability  of  the  obtained  data  was 
determined  by  the  criterion  of  signs,  which  makes  it  possible  to 
Judge  the  reliability  from  the  number  of  results  with  the  same 
direction  (Table  2).  As  seen  from  Table  2,  the  direction  of  the 
changes  in  the  time  of  50$  nemolysis  in  the  experimental  with  res¬ 
pect  to  the  time  of  50$  hemolysis  in  the  control  indicates  high 
hemolytic  activity  of  the  unsuturated  fatty  acid  fraction  in  the 
experimental  in  each  individual  case. 


Fig.  3.  Hemolytic  activity  of  various  lipid  fractions  of  liver. 
Dotted  line  -  control;  smooth  line  -  experimental.  1)  Exp.  No.  1; 

2)  exp.  No.  2.  a)  Triglycerides ;  b)  cholesterol;  c)  cholesterol  es¬ 
ters  (dilution  1:1);  d/  unsaturated  fatty  acids.  Dilutions  of 
1:6*1  in  experiment  No.  2  and  control,  dilution  of  1:32  in  experi¬ 
ment  No.  1. 

Thus,  data  obtained  by  using  new,  more  perfected  methods  loth 
in  determining  the  hemolytic  activity  of  the  preparations  (mod.  fled 
acid  erythrogram  method)  and  in  the  chemical  determination  of  lipid 
products  (method  of  thin-fllm  chromatography)  confirm  the  previous¬ 
ly  drawn  conclusion  that  lipid  RT  belong  to  the  unsaturated  fatty 
acids. 

By  using  tie  polarographic  method,  the  authors  jointly  with 
Z.Ta.  Baltbartdys  ound  that  the  lipid  RT  activity  belongs  chiefly 
to  oxidised  products  of  unsaturated  fatty  acids  (peroxides,  epoxides 
aldehydes  and  ketones)  and  represents  s  complex  mixture  of  these 
substances. 


TABLE  2 


Hemolytic  Activity  of  Unsaturated  Patty 
Acid  Fraction  of  Liver  Lipids  of  Irradiated 
and  Unirradiated  Rabbits 

(radiation  dose  800  r,  third  day  after  irradiation;  dilution  of  1:32) 
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1)  Time  of:  50S  hemolysis,  min;  2)  control;  3)  experimental;  4) 
direction  of  changes  in  experimental  with  respect  to  control;  5) 
reliability  of  experiment ,  % . 
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THE  FEE  RADICAL  STATE  OF  LIPJD  RADIOTOXINS 

Z.Ya.  Baltbarzdys,  Yu.f*.  Kozlov*  Yu.B.  Kudryashov, 

N.N.  Lukin  and  6. A.  Taranenko 

(  Department  of  Biophysics,  Moscow  State  University) 

One  of  the  urgent  problems  of  present-day  radiobiology  is  the 
question  of  the  role  of  toxic  agents  in  the  development  of  radia¬ 
tion  lesion  of  organisms  of  animal  and  plant  origin.  At  the  present 
time  there  are  several  hypotheses  concerning  the  mechanisms  of  the 
toxic  substances’  format •'  on  from  the  action  of  ionizing  radiation 
on  the  organism.  It  has  ueen  shown  in  recent  years  that  unsaturated 
fatty  acids  which  -re  produced  in  the  tissues  of  irradiated  animals 
can  have  strong  toxic  and  radlomlmetic  activity  [1-33. 

By  toxic  substances  are  usually  meant  compounds  having  high 
chemical  activity  with  respect  to  cell  components.  Therefore  It  can 
be  assumed  that  those  compounds  which  are  either  active  Intermed¬ 
iates  cr  final  products  of  complex  physicochemical  and  biochemical 
reactions  occurring  during  irradiation  in  living  organisms  will  have 
a  toxic  function  In  the  primary  reactions  of  cell  injury  by  Ionizing 
radiation. 

As  is  known,  free  radicals  which  have  a  high  reactive  capacity 
and  essentially  change  the  direction  of  processes  in  diverse  sys¬ 
tems  can  be  the  most  active  intermediate  products  In  various  physi¬ 
cochemical  reactions. 

It  seemed  of  Interest  to  establish  whether  lipid  toxic  sub¬ 
stances  of  natural  origin  which  are  produced  during  the  irradiation 
of  animals  have  the  properties  of  free  radicals. 

White  male  mice  weighing  20  g  and-  chinchilla  rabbits  weighing 
2. 5-3. 5  kg  which  were  kept  under  the  usual  conditions  of  care  and 
nutrition  served  as  the  material  for  investigation^  The  animals 
underwent  one  general  irradiation  with  rays  with  a  dose  of  800  r; 
the  dose  rate  for  rabbits  was  50  r/mln  and  for  mice  was  178  r/min. 
The  irradiation  was  carried  out  in  a  GUBE-800  apparatus.  The  pres¬ 
ence  of  free  radicals  in  the  animal  tissues  was  judged  by  acrylamide 
[AA]  (AA)  polymerization  according  to  References  [4-6].  It  was  es¬ 
tablished  in  preliminary  experiments  that  maximum  copolymerization 
of  AA  with  natural  tissue  components  begins  after  4  hrs. 
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Two  series  of  experiments  were  set  up:  injection  of  AA  30 
min  before  irradiation  and  at  d.ifferent  times  after  irradiation 
4  hrs  before  decapitation  of  the  animals.  The  acrylamide  was  in¬ 
jected  ir.traperitoneally  in  an  amount  of  20  microcuries  per  mouse 
and  150  microcuries  per  rabbit. 

The  degree  of  copolymerization  of  radioactive  carbon  labeled 
AA  (CHa  *  CH  —  Cl*0NHa)  was  evaluated  by  the  radiometric  method  [7]. 

After  decapitation  of  the  animals,  the  kidneys,  liver,  spleen 
and  brain  were  removed.  The  tissues  under  investigation  were  homo¬ 
genized  and  an  8-fold  volume  of  ether  added  to  the  homogenates. 

The  homogenates  with  the  ether  were  placed  on  mechanical  shakers 
and  extraction  was  carried  out  for  2  hrs  with  constant  mixing  of 
the  samples.  Then  the  ether  of  the  "ether  fraction"  was  evaporated 
and  acetone  added  to  the  oily  residue  (in  the  same  amount  as  the 
ether).  The  samples  were  carefully  mixed  and  left  for  2  hrs.  The 
precipitated  phosphatide  residue  was  removed  (phospholipid  frac¬ 
tion)  and  the  supernatant  liquid  was  again  evaporated,  giving  the 
"acetone  fraction"  (natural  radiomimetic  -  NR  (EP))  [3]. 

The  experiments  which  were  carried  out  showed  that  in  all 
irradiated  rabbit  tissues  studied  into  which  AA  was  injected  30 
min  before  irradiation,  no  difference  from  the  control  was  found 
on  the  third  day  In  the  content  of  free  radical  states  of  NR.  Evi¬ 
dently,  in  this  case  the  activity  of  the  AA  injected  into  the  ani¬ 
mal  was  insufficient,  and  moreover,  the  greater  part  of  the  AA  was 
excreted  from  the  tissue  by  this  time;  therefore,  further  experi¬ 
ments  were  carried  out  on  mice  only. 

In  experiments  on  mice  a  statistically  reliable  difference  in 
the  concentration  of  the  free  radical  states  of  NR  in  irradiated 
and  unirradiated  tissues  (brain,  spleen  and  kidneys)  was  not  ob¬ 
served.  The  liver  was  an  exception.  As  is  known,  the  most  active 
lipid  radiotixins  were  found  in  the  liver  (see  this  collection, 
page  126),  whereas  in  the  brain,  kidneys  and  spleen  they  either 
were  not  found  or  they  v;erc  weakly  active.  Therefore,  of  the  data 
which  we  obtained  and  the  recults  of  the  work  of  Astakhov  and 
others  (see  thl3  collection,  page  126),  only  the  liver  of  irrad¬ 
iated  animals  was  subjected  to  further  study. 

Curves  of  the  formation  of  free  radical  states  of  NR  ih  the 
investigated  tissues  at  different  times  after  irradiation  of  mice 
are  presented  in  Fig.  1.  As  seen  from  this  figure,  immediately  af¬ 
ter  irradiation  the  concentration  of  free  radical  states  of  NR  in 
the  liver  exceeds  the  norm  by  5-6  times.  However,  in  the  first  24 
hrs  the  concentration  of  free  radicals  decreases  sharply.  Later 
it  falls  slightly.  It  can  be  concluded  from  the  exponential  na¬ 
ture  of  the  curve  that  irradiation  causes  the  production  of  free 
radical  forms  of  NR  which  later  disappear  from  the  irradiated 
animal  tissue,  evidently  being  converted  into  other  oxidation  prod¬ 
ucts. 

The  decrease  in  the  concentraticn  of  free  radical  states  of 
NR  can  be  represented  in  the  form  of  an  empirical  formula. 
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Pig.  1.  Production  of  free  radical  forms  of  NR  at  different  times  af¬ 
ter  irradiation  of  animals.  Smooth  line  -  experimental;  dotted  line  — 
control.  1)  Brain;  2)  spleen;  3)  kidneys;  *0  liver. 


^L=ym+wt-n, 


where  n  is  the  intermediate  product  (free  radical  state  of  NR),  t 
is  time  and  Wq  is  the  rate  of  chain  formation  (dimensionless  value). 

It  is  well  known  that  peroxides,  aldehydes,  ketones  and  epox¬ 
ides  can  be  intermediate  products  of  the  oxidation  of  unsaturated 
fatty  acids.  Similar  products  were  also  found  in  the  tissues  of  ir¬ 
radiated  animals  [8-10]. 

Experiments  were  set  up  on  the  demonstration  of  such  products 
by  the  method  of  electrochemiluminescence  [ECL](3XJ1)  of  a  methanol- 
sodium  citrate  system.  Recording  of  the  ECL  was  carried  out  with  an 
FEU-42  photoelectric  multiplier,  operating  without  cooling  in  a 
photon  counter  system  and  an  attached  standard  chemiluminescence 
apparatus . 

The  methanol-sodium  citrate  system  which  luminesces  during  elec¬ 
trolysis  produced  in  the  course  of  30  and  more  min  a  stable  lumines¬ 
cence  with  an  intensity  of  10,000  +  50  imp/sec  at  an  electrode  vol¬ 
tage  of  10  mv  and  a  current  strength  of  3  ma. 

An  evaluation  of  the  effect  of  the  test  substances  on  ECL  lum¬ 
inescence  was  made  from  the  value  of  the  inhibitory  activity  [InA] 
(WHA).  In  this  case  by  the  InA  value  was  meant  the  difference  be¬ 
tween  the  background  luminescence  of  the  methanol-sodium  oitrate 
system  and  the  stationary  level  at  which  the  luminescence  settles 
5  min  after  the  introduction  of  the  corresponding  substances  into 
the  cell. 

In  the  present  work  the  InA  of  oxidized  oleic  acid  [00A](00K) 
and  unoxidized  oleio  acid  f,0A](0K)  was  studied.  It  is  seen  from  Pig. 

2  that  at  the  same  concentrations  the  InA  of  OA  is  lower  than  that 
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of  00A.  Fig.  3  shows  the  dependence  of  the  inhibition  of  the  ECL  of 
00A  and  OA  on  their  concentrations.  The  effect  observed  is  probably 
connected  with  the  presence  in  OOA  of  decomposition  products  which, 
according  to  Vasil'yev's  data  [11],  themselves  have  the  effect  of 
exciting  luminescence  which  causes  their  lower  InA. 


a)  # 
U  to 

£>  .H  l 


Tip.  Moles/l 


■£*1  I - 1 - ! - 1 _ I  I 

«o  0  I  2  3  ♦  S 

Time  of  luminescence, 
min 

Fig.  2.  Kinetics  of  the  inhibition  of  the  electrochemiluminescence 
of  a  methanol-sodium  citrate  system  at  different  concentrations 
(indicated  on  the  curves)  of  oxidized  (smooth  line)  and  unoxidized 
(dotted  line)  oleic  acid. 
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Fig.  3.  Dependence  of  inhibition  of  electrochemiluminescence  of 
methanol-sodium  citrate  system  on  concentration  of  oxidized  (smooth 
line)  and  unoxidized  (dotted  line)  oleic  acid. 
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Fig.  4.  Kinetics  of  the  inhibition  of  the  electrochemiluminescence 
of  methanol-sodium  citrate  system  by  various  concentrations  of  a 
natural  radiomimetic  obtained  from  irradiated  (smooth  line)  and  un¬ 
irradiated  (dotted  line)  rabbits. 


-  136  - 


***«*«fltWy  n  Lli  fci(  »i<i'  »f 


----- 


It  is  of  interest  to  compare  the  InA  of  OA  and  NR  obtained 
from  rabbit  liver  on  the  third  day  after  irradiation  of  the  animal. 
In  calculating  the  NR  concentration,  its  molecular  weight  was  con¬ 
ditionally  equated  to  the  molecular  weight  of  OA.  It  is  seen  from 
Pig.  4  that  the  InA  of  NR  obtained  from  an  irradiated  animal  is 
less  than  the  InA  obtained  from  control  animals  at  the  same  con¬ 
centrations.  This  is  in  accordance  with  the  concept  that  [1-3]  the 
NR  of  irradiated  animals  may  be  a  mixture  of  unsaturated  fatty 
acids  which  contain  different  oxidation  products  capable,  as  in 
the  case  of  00A,  of  exciting  luminescence  in  the  methanol-sodium 
citrate  system. 
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THE  FORMATION  OF  LIPID  RADIOTOXINS  IN  ANIMALS  AFTER  IRRADIATION  WITH 
FISSION  NEUTRONS,  HIGH  ENERGY  PROTONS  AND  Co“  y-RAYS 

A.G.  Konoplyanni kov  and  Yu.B.  Kudryashov 

(Department  of  Biophysics,  Moscow  State  University) 

Papers  have  appeared  in  recent  years  which  indicate  the  impor¬ 
tant  role  of  toxic  products  in  the  pathogenesis  of  radiation  injury 
of  animals  [1-3].  However,  up  until  now  great  difficulties  have  been 
encountered  in  evaluating  the  significance  of  various  toxic  products 
in  the  development  of  radiation  injury.  This  question  can  be  analyzed 
by  comparing  the  effects  of  different  types  of  ionizing  radiation 
in  equivalent  doses.  As  is  known,  ionizing  emissions  which  differ 
in  Ionization  density  or,  moreover,  in  linear  stopping  power  [LSP] 
(J1H3)  have  both  specific  characteristics  which  are  chiefly  deter¬ 
mined  by  the  nature  of  the  primary  reaction  of  the  radiation  injury 
(for  example,  oxygen  effect,  protective  effect,  dose  rate  effect, 
etc.)  and  general  changes  characteristic  of  acute  radiation  sick¬ 
ness  (for  example,  death  of  the  cells  of  radiosensitive  organs  and 
changes  in  biochemical,  physiological  and  other  indices,  etc.). 
Therefore,  in  comparing  the  toxic  effects  in  the  case  of  the  action 
of  Ionizing  emissions  which  differ  in  LSP,  there  is  the  possibility 
of  evaluating  the  significance  and  characteristics  of  the  formation 
of  one  or  another  toxic  agent.  In  the  present  work  the  formation  of 
toxic  products  of  lipid  nature  was  studied,  whose  important  role  in 
the  toxemia  of  radiation  lesion  is  seen  from  References  [1,  4]  (sue 
also  this  collection,  page  111). 

The  experiments  were  carried  out  on  46  white  male  rats  weigh¬ 
ing  150-180  g  and  19  chinchilla  rabbits  weighing  1. 5-2.0  kg.  Accumu¬ 
lation  of  lipid  oxidation  products  in  rat  livers  after  irradiation 
was  evaluated  by  the  thiobarbituric  acid  [TBA] (T6K)  method.  At  dif¬ 
ferent  times  after  irradiation  the  rat  was  killed  by  decapitation, 
the  liver  quickly  removed  and  5  g  of  liver  ground  with  a  homogenizer 
in  50  ml  of  a  mixture  of  n-butanol  and  glacial  acetic  acid  (in  a 
proportion  of  4:1)  for  3  min.  Then  the  sediment  was  removed  by  fil¬ 
tration  through  a  No.  4  glass  filter  and  1ml  of  a  1*  TBA  solution 
added  to  5  ml  of  the  extract.  The  mixture  was  placed  in  a  test  tube, 
well  shaken  and  heated  in  a  boiling  water  bath  for  30  min.  After 
the  tubes  were  chilled  their  contents  were  analyzed  colorimetricai- 
ly  on  an  FEK-52  apparatus  with  a  No.  5  filter.  The  value  for  the 
''blind1*  samples  which  contained  n-butanol  in  place  of  extract  was 
subtracted  from  the  extinction  results  of  the  experimental  samples. 
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The  weight  of  the  lipids  in  the  extracts  was  determined  by  evaporat-  | 

ing  10  ml  of  extract  in  weighing  bottles.  The  amount  of  lipid  oxida-  I 

tion  products  was  expressed  in  extinction  units*-  calculated  per  g  ■ 

of  lipids.  I 

Determination  of  the  activity  of  the  natural  radiomimetic  [NR]  I 

(EP)  isolated  from  the  liver  of  rabbits  killed  on  the  third  day  af-  1 

ter  irradiation  was  carried  out  by  the  method  of  "loosening”  the 
hemolytic  stability  of  human  erythrocytes,  which  was  described  ear-  | 

lier  [1].  i 


Irradiation  of  the  rats  was  carried  out  with  protons  with  an  | 

energy  of  660  Mev  and  fission  neutrons  in  equivalent  lethal  doses  | 

of  SOO^em.  The  rabbits  were  irradiated  with  protons  with  an  energy  | 

of  130  Mev,  fission  neutrons  and  Cofi0  y-rays  in  equivalent  lethal  | 

doses  of  1000  rem.  The  synchrotron  at  the  Joint  Institute  of  Nuclear 
Research  [OIYal,  Dubna]  (0M3W)  was  the  source  of  the  high  energy  ! 

protons.  The  dose  rate  of  the  protons  was  50-300  rad/min.  The  method  § 


of  irradiation  and  the  dosimetry  has  already  been  described  [5,  6]. 
The  IBR  (M5P)  reactor  (OIYal)  was  the  source  of  the  fission  neu¬ 
trons.  The  rabbit  and  rat  cells  were  placed  several  meters  from  the 
reactor's  active  zone.  The  dosimetry  was  carried  out  from  the  in¬ 
duced  activity  in_indium  plates,  taking  a  specific  absorbed  area  of 
a  value  of  1.2*10“9  rad*cm2/neutron  for  the  given  neutron  spectrum 
[7].  The  dose  rate  of  fission  neutrons  was  approximately  400  rad/hr. 
The  GUBE-800  apparatus  at  the  USSR  Academy  of  Sciences  Institute  of 
Biophysics  was  the  source  of  the  Co‘°  y-rays.  The  dose  rate  of  y- 
rays  was  about  16  rad/min. 

The  relative  biological  efficiency  [RBE]  (063)  of  protons  with 
energies  of  130  and  660  Mev  and  of  fission  neutrons,  taking  Co* 0 
Y-rays  as  the  standard  emission,  is  about  1.0  and  3.6,  respective¬ 
ly  [5].  This  difference  in  the  RBE  of  the  ionizing  emissions  is 
determined  by  their  difference  in  LSP;  high  energy  protons  and 
Co*°  y-rays  belong  among  the  rarely  ionizing  emissions  (LSP  of  the 
order  of  0.3  kev/micron)  and  fission  neutrons  to  densely  ionizing 
emissions  (LSP  of  the  order  of  30.0  kev/micron). 


Data  on  the  accumulation  of  lipid  oxidation  products  in  the 
liver  of  rats  irradiated  in  a  dose  of  800  rem  with  protons  with  an 
energy  of  660  Mev  and  fission  neutrons  are  presented  in  Tables  1 
and  2,  respectively. 

As  can  be  seen  from  these  data,  the  change  in  the  amounts  of 
lipid  oxidation  products  in  both  cases  occurs  in  approximately  the 
same  way.  In  the  first  hours  after  Irradiation  the  amount  of  these 
products  Increases  somewhat}  however,  this  difference  from  the  con¬ 
trol  is  not  statistically  reliable.  One  day  after  irradiation  tjje 
amount  of  lipid  oxidation  products  decreases  and  then  again  begins  to 
increase  up  until  the  death  of  the  animals.  In  the  terminal  period 
of  the  radiation  Injury  in  both  cases  the  amount  of  lipid  oxidation 
products  reliably  exceeds  the  control.  A  similar  change  in  the  amount 
of  lipid  oxidation  products  Isolated  from  the  liver  of  irradiated 
rats  was  described  earlier  for  the  case  of  y-rays  [8]. 
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TABLE  1 


Accumulation  of  Lipid  Oxidation  Products  in 
Liver  of  Rats  Irradiated  in  a  Dose  of  800  rem 
with  Fission  Neutrons  at  Different  Times  After 
Irradiation 
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ber  of  rats;  6)  extinction  value  calculated 
per  mg  of  lipids. 

TABLE  2 

Accumulation  of  Lipid  Oxidation  Products  in 
Liver  of  Rats  Irradiated  in  a  Dose  of  800  rem 
with  Protons  with  an  Energy  of  660  Mev  at  Dif¬ 
ferent  times  After  Irradiation 
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1)  Control;  2)  hrs;  3)  day;  M)  days;  5)  number 
of  rats;  6)  extinction  value,  calculated  per 
mg  of  lipids. 


The  results  of  experiments  on  NR  activity  of  rabbits  irradiated 
with  protone  with  an  energy  of  130  Mev  and  fission  neutrons  are  pre¬ 
sented  in  Pig.  1.  As  can  be  seen  from  this  figure,  in  both  cases  tox¬ 
ic  products  of  lipid  nature  capable  of  decreasing  the  hemolytic  stab¬ 
ility  of  human  erythrocytes  are  accumulated  in  the  rabbit  livers. 

The  NR  activity  in  both  cases  is  approximately  the  same  and  corres¬ 
ponds  to  the  activity  of  NR  obtained  from  the  liver  of  rabbits  ir¬ 
radiated  with  Co,#  y-rays  (Pig.  2). 

By  comparing  the  data  on  the  dynamics  of  the  formation  of  oxi¬ 
dised  lipid  products  and  of  NR  accumulation  (see  this  collection, 
pages  112  and  161),  it  can  be  noted  that  tho  activity  of  stable 
lipid  radiotoxins  found  during  the  development  of  radiation  lesion 
is  connected  with  the  production  of  oxidised  products  of  unsaturated 
fatty  acids.  In  the  first  period  of  radiation  lesion  considerable 
accumulation  of  stable  lipid  oxidation  products  is  not  found  by  the 
TBA  method,  which  confirms  the  data  of  Kolomlytseva  and  Kutln  i9). 
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Lipid  concentration,  mg/ml 


Pig.  1.  The  effect  of  lipids  isolated  from  the  liver  of  control 
rabbits  (curve  1)  and  NR  (curve  2)  isolated  from  the  liver  of  rab¬ 
bits  Irradiated  in  a  dose  of  1000  rem  with  protons  with  an  energy 
of  130  Mev  (graph  a)  and  fission  neutrons  (graph  b)  at  the  time 
of  50 %  erythrocyte  hemolysis  (by  the  electrogram  method). 


Pig.  2.  Erythrograms  with  lipids  of  oontrol  animals  (curve  1)  and 
with  NR  of  rabbits  which  received  doses  of  1000  rem  of  Co##  v-rays 
(curve  2),  as  well  as  without  the  addition  of  lipids  '  urve  3). 


As  the  experiments  showed  (see  this  collection,  page  112),  lipid 
radlotoxlns  of  the  Initial  stages  of  radiation  lesion  are  unstable 
short-lived  products  of  radical  type,  capable  of  producing  the  In¬ 
direct  and  remote  effects  of  Ionising  radiation  (see  this  collection, 
page  112). 


Ionizing  radiation  with  different  LSP  values  when  acting  in 
equivalent  lethal  doses  causes  generally  similar  changes  in  the  dy¬ 
namics  of  oxidized  lipid  product  formation.  The  activity  of  NR  isola¬ 
ted  from  rabbit  livers  on  the  thiru  day  after  superlethal  irradiation 
with  ionizing  radiation  with  different  LSP  is  also  approximately  the 
same.  Thus,  certain  differences  in  the  primary  reactions  of  radia¬ 
tion  lesion  for  rarely  and  densely  ionizing  emissions  are  not  con- 
hected  with  the  general  activity  of  lipid  radiotoxins,  but  evident¬ 
ly  depend  on  the  local  concentration  of  active  molecules  and  radi¬ 
cals  in  the  tracks  of  the  ionizing  particles.  Further  study  of  the 
question  of  NR  distribution  in  the  organs  and  tissues  of  animals  ir¬ 
radiated  with  ionizing  emissions  which  differ  in  LSP  will  be  an  in¬ 
teresting  task,  considering  the  observed  differences  in  the  mortal¬ 
ity  periods  and  the  susceptibility  of  the  different  systems  to  in¬ 
jury  (for  example,  the  hemogenesis  system  and  the  intestines)  [5]. 

The  following  conclusions  can  be  drawn  from  the  results  ob¬ 
tained: 

1.  The  accumulation  of  lipid  oxidation  products  in  the  liver 
of  rats  irradiated  in  a  dose  of  800  rem  with  protons  with  an  energy 
of  660  Mev,  fission  neutrons  and  Co**  y-raya  takes  place  in  the  same 
way. 


2.  The  activity  of  NR  Isolated  from  the  liver  of  rabbits  ir¬ 
radiated  in  a  dose  of  1000  rem  with  protons  with  an  energy  of  130 
Mev,  fission  neutrons  and  y-rays  is  also  approximately  the  same. 


REFERENCES 

1.  Kudryashov,  Yu.B.  et  al.,  Zh.  obshchey  blologli,  25*  3  (196$). 

2.  Kuzin,  A.M.,  Radlatsionnaya  biokhimiya,  Moscow,  Izd-vo  AN  SSSR, 
1962. 

3*  Gorizontov,  P.D. ,  In  collection  entitled  "Radiobiologlya*  Mos¬ 
cow,  Izd-vo  AN  SSSR,  1958,  page  37. 

$.  Radiation  Research,  Suppl.  3,  1963. 

5/  'onoplyannikov,  A.Q.,  Dissertation,  Moscow,  1965. 

6.  "Problemy  radiatslonnoy  besopasnosti  kosmicheskikh  poletov" 
[Problems  of  the  Radiation  Safety  of  Space  Plights].  Collec¬ 
tion.  Mosoow,  Oosatoftj.zdit ,  196$,  page  33. 

7.  Measurement  of  Absorbed  Dose  of  Neutrons,  and  Mixtures  of 
Neutrons  and  Gamma  Rays.  KBS,  Handbook  75,  1961. 

8.  Kudryashov,  Yu.B.,  Mal'ts,  V.,  Trudy  Moakovskogo  obshchestva 
ispytateley  prirody [Trans,  of  the  Moscow  Soo.  of  Naturalists]. 
Vol.  7,  Moscow,  Isd-vo  AN  SSSR,  1963,  page  8$. 


9.  Kolomiytseva,  I.K.,  Kuzin,  A.M.,  In  collection  entitled 

"Rol*  perekisey  i  kisloroda  v  nachal’nykh  stadiyakh  radio- 
biologicheskogo  effekta"  [The  Role  of  Peroxides  and  Oxygen 
in  the  Initial  Stages  of  the  Radiobiological  Effect].  Mos¬ 
cow,  Izd-vo  AN  SSSR ,  I960,  page  26. 


Manu¬ 

script 

Page 

No. 


FOOTNOTES 


139  'The  decrease  in  proton  energy  from  660  to  130  Mev  is  caused 
by  the  need  to  dilute  the  proton  beam  in  order  to  obtain 
a  sufficiently  uniform  field  of  irradiation.  130  and  660 
Mev  protons  are  approximately  the  same  in  LSP  and  biologi¬ 
cal  efficiency  [5,  6]. 
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THE  LIPID  RADIOTOXINS  OF  YEAST  CELLS 

V.  Olteanu,  Ye.N.  Goncharenko,  A.G.  Konoplyannikov  and  Yu.B.  Kudryashov 
(Department  of  Biophysics,  Moscow  State  University) 

It  has  been  shown  in  previous  work  (see  [1]  and  this  collection, 
pages  112  and  138)  that  radiation  sickness  of  animals  is  accompanied 
by  the  accumulation  of  active  toxic  products  of  lipid  nature  in  or¬ 
gans  and  tissues. 

Yu.B.  Kudryashov  and  co-workers  in  1962  named  the  acetone 
fraction  of  a  lipid  infusion  of  livers  of  irradiated  animals  "natur¬ 
al  radiomime  tic,"'  taking  into  account  that  it  is  capable  of  causing 
changes  similar  to  those  which  ionizing  radiation  produces  [1],  In 
studying  the  mechanisms  of  the  appearance  and  action  of  lipid  radio- 
toxins  LRT](PT)  in  the  animal  organism,  one  of  the  most  unclear 
questions  was  that  of  the  origin  of  the  natural  radiomimetic.  The 
existence  of  several  methods  of  its  production  can  be  assumed  a 

friori,  for  example,  the  decomposition  of  lipoprotein  complexes  of 
njured  cells  [1],  redistribution  of  the  supplies  of  unsaturated 
fatty  acids  in  the  organism  [3],  a  disturbance  in  the  biosynthesis  of 
proteins  and  carbohydrates  with  a  switch  to  fatty  acid  synthesis 
['-6]  and  others.  The  complexity  of  this  question  Is  due  to  insuf¬ 
ficient  study  of  the  physiological,  hormonal  and  other  regulators 
of  lipid  metabolism  both  in  the  normal  and  the  irradiated  animal 
organism.  In  connection  with  this,  a  search  for  lipid  RT  In  iso¬ 
lated  cells  in  which  there  are  no  such  methods  of  metabolism  regu¬ 
lation  seemed  of  interest. 

Haploid  and  diploid  yeast  cells  were  used  as  the  subjects  in 
this  work.  These  cells  are  frequently  used  as  the  subject  in  study¬ 
ing  effect  of  ionizing  radiation  (see,  for  example,  Reference  [7]). 

Many  investigators  have  observed  lipid  accumulation  in  irradiated 
yeast  cells  £6,  3,  9],  The  nature  of  the  lipophanerocis  of  irrad¬ 
iated  cells  still  remains  unclear  [9].  In  the  opinion  of  some 
authors  [9,  10],  lipids  play  a  protective  role  in  the  radiation 
injury  of  yeast  cells.  On  the  other  hand,  it  has  been  shown  [11, 

12 j  that  oxidized  oleic  acid  products  when  added  to  yeast  cells 
have  a  strong  toxic  effect.  Oxidation  products  of  methyl  linoleate 
which  gave  a  characteristic  reaction  with  thiobarblturic  acid  showed 
the  same  effect  in  an  experiment  with  yeast  cells  [13].  In  the  ex¬ 
periments  of  Kovyazin  et  al.  [14],  the  addition  of  weakly  oxidized 
oleic  acid  to  yeast  cells  sensitized  them  to  the  effect  of  x-ray 
irradiation. 


The  principal  goal  of  the  present  work  was  an  attempt  to  find 
toxic  lipid  products  in' yeast  cells  irradiated  with  different  doses 
(first  series  of  experiments).  Since  there  already  is  data  [93  con¬ 
cerning  the  change  in  the  lipid  metabolism  of  irradiated  yeast  cells 
which  have  been  transferred  to  nutrient  medium,  the  second  series 
of  experiments  concerned  the  activity  of  lipid  RT  in  yeasts  trans¬ 
ferred  after  irradiation  into  brewer's  wort.  A  third  series  stud¬ 
ied  the  activity  of  lipid  RT  in  yeasts  kept  after  irradiation  wi¬ 
der  conditions  favoring  postradiation  recovery  [7,  153. 

Haploid  and  diploid  yeast  cells  of  the  Saccharomyces  cerevisae 
strain  were  grown  in  sufficient  numbers  in  a~ 100-liter  fermeter  in 
Rider's  nutrient  medium  for  4&  hrs.  After  this  the  yeast  cells  were 
removed  from  the  medium  by  separation  with  subsequent  centrifuga-  . 
tion.  A  10  g  sample  of  the  wet  residue  was  irradiated  in  a  GUT-10- 
400  apparatus  at  a  dose  rate  of  1  krad/min  in  doses  of  10,  60  and 
120  krad.  After  irradiation  the  cells  either  were  immediately  .used 
for  lipid  extraction  or  were  placed  for  1  and  10  hrs  in  brewer's 
wort  or  for '20  hrs  in  tap  water.  Before  extraction  of  the  lipids 
the  ceils  were  subjected  to  "osmotic  shock,"  for  which  they  were 
transferred  to  10  ml  of  a  10?  NaCl  solution  for  5  min  and  sediment¬ 
ed  by  centrifugation,  then  the  supernatam,  liquid  was  poured  off 
and  50  ml  of  distilled  water  added.  After  a  second  sedimentation 
of  the  cells  by  centrifugation  and  removal  of  the  supernatant  liquid 
a  four- fold  volume  of  a  chloroform-methanol  mixture  (in  a  proportion 
of  2:1)  was  added  to  the  cells  and  mixed  on  a  shaker  for  4  hrs.  Then 
the  sediment  was  removed  by  centrifugation  and  discarded,  and  the 
supernatant  liquid  was  evaporated  under  vacuum  in  a  film  evaporator. 
The  lipids  extracted  by  the  chloroform-methanol  mixture  were  poured 
into  10  ml  of  acetone  and  after  mixing  were  left  overnight  at  a 
temperature  of  5°.  In  the  /morning  the  phospholipids  which  had  gone 
into  the  sediment  were  removed  by  filtration  and  the  filtrate  again 
evaporated  under  vacuum.  The  toxicity  of  the  lipid  products  of  the 
acetone  fraction  which  were  isolated  was  evaluated  by  the  erythro- 
gram  method  [1], 

The  survival  rate  of  the  yeast  cells  was  determined  in  all 
the  samples  before  extraction  of  the  lipids  by  the  microcolony  meth¬ 
od  [16] . 

Data  on  the  survival  of  diploid  and  haploid  yeast  cells  after 
irradiation  and  maintenance  under  different  conditions  are  presented 
in  the  table. 

Since  the  yeast  cells  were  irradiated  in  the  form  of  a  very 
dense  suspension,  conditions  were  created  for  manifestation  of  the 
"concentration  effect"  which,  as  is  known  [193$  is  a  particular 
manifestation  of  the  "oxygen  effect."  As  a  result  of  the  anoxia  of 
the  cells  during  irradiation,  their  survival  corresponds  to  the 
survival  of  cells  irradiated  with  sufficient  aeration  with  2.5-3 
times  smaller  doses . . 

The  survival  of  diploid  yeast  cells  in  our  experiments  ex¬ 
ceeds  the  survival  of  haploid  yeast  cells  by  several  times,  which 
corresponds  to  the  literature  data  [73  on  the  radiosensitivity  of 
cells  with  different  numbers  of  chromosomes.  Incubation  in  all 


The  Survival  Rate  of  Diploid  and  Haploid  Yeast  Celia  After  Irrad¬ 
iation  and  Maintenance  Under  Different  Nutrient  Conditions  (95.0  + 
+  0.5J  in  the  Control) 


6  How  cpwy  noart 
T  H mcfim/m  m/a  m 

a 

°  •  cjrcm  l  o  . 


1  OINK  SO  0  . 


91.00±S,85  63,00*5,72  39.00*3,54,  23,00*3,(0  90.00±t.8l  2,00±0.I8 

93,00*6.80  40,00±4,45  58,00*5,08  14.00*1.27  14,00*1.20  4.00*0.36 

86.00*7 46.00*4,18  48.00*3,00  16,00*1,45  21,09*1.90  5,00*0.45 

98,00*7,10  47,00*4,80  72,00*6,70  17,00*2.20  46,00*4,80  4.00*0.50 


1)  Conditions  of  maintaining  yeast  cells  after  irradiation  until 
inoculation  on  nutrient  agar:  2)  survival  rate  at  different  doses 
of  irradiation,  J;  3)  krad;  A)  diploid;  5)  haploid;  6)  inocula¬ 
tion  iomedlately  after  irradiation;  7)  incubation  before  inocula¬ 
tion;  8)  in  wort  1  hr;  9)  in  wort  20  hrs;  10)  in  water  20  hrs. 


#  J  93*  S  t  >  t J *t t  t  1 / 9 4  SI  1 t i 4  t 
Time  of  hemolysis ,  min 

Pig.  1.  Activity  of  lipid  RT  isolated  from  irradiated  diploid  yeast 
cells,  I)  Extraction  immediately  after  irradiation;  II)  extraction 
after  1  hr  incubation  in  wort;  III)  after  20  hrs  in  wort;  IV) after 
20  hrs  in  water.  A,  B,  C  and  D)  Doses  of  10,  A0,  60  and  120  krad, 
respectively. 
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Time  of  hemolysis,  min 


Pig.  2.  Activity  of  lipid  RT  isola¬ 
ted  from  irradiated  haploid  yeast 
cells.  (Notation  same  as  in  Pig.  1). 


three  variants  of  the  experiments  before  inoculation  of  the  haploid 
yeast  cells  had  practically  no  effect  on  their  survival.  Incubation 
of  diploid  yeast  cells  in  wort  for  1  and  20  hrs  also  produced  lit¬ 
tle  difference  in  survival.  When  diploid  yeast  cells  were  incubated 
in  tap  water  after  irradiation  an  increase  in  their  survival  occurred 
as  a  result  of  manifestation  of  the  phenomenon  of  "post-radiation 
recovery . " 

Data  on  the  hemolytic  activity  of  lipid  products  isolated  from 
yeast  cells  are  presented  in  Figs.  1  and  2.  -Two  erythrograms  are 
presented  for  each  dose  of  irradiation  and  all  incubation  conditions 
of  the  yeast  cells.  The  erytnrogram  for  erythrocytes  incubated  with 
lipids  isolated  from  yeast  cells  is  shown  by  the  dotted  line,  and 
the  erythrogram  for  erythrocytes  which  were  first  incubated  for  15 
min  at  37°  with  lipids  isolated  from  irradiated  yeast  cells  by  the 
unbroken  line. 

It  can  be  seen  from  Pig.  1  that  irradiation  of  diploid  yeast 
cells  leads  to  the  appearance  of  active  lipid  products  which 
sensitize  erythrocytes  to  the  hemolytic  effect  of  hydrochloric  acid. 
With  an  increase  in  the  irradiation  dose  the  activity  of  the  extract¬ 
ed  lipids  increases.  The  activity  of  the  extracted  lipids  increases 
still  more  if  the  cells  are  incubated  in  wort  for  1  or  20  hrs  after 
irradiation.  The  maintenance  of  diploid  yeast  cells  after  irradia¬ 
tion  in  tap  water  somewhat  decreases  the  hemolytic  activity  of  the 
lipids  extracted  from  them. 
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A  similar  picture  is  observed  in  the  case  of  the  irradiation 
of  haploid  yeast  cells  (Pig,.  2).  Some  differences  in  the  results  pre¬ 
sented  in  Pig.  1  and  2  can  only  be  noted  in  the  effect  of  the  irrad¬ 
iation  dose  on  the  activity  of  extracted  lipids:  above  40  krad  the 
activity  of  the  extracted  lipids  does  not  increase,  and  even  becomes 
less  than  from  irradiation  with  a  dose  of  10  krad.  It  can  be  assumed 
that  this  is  connected  with  the  fact  that  such  irradiation  doses  are 
very  high  for  haploid  cells  and,  consequently,  only  budding  cells 
which  are  always  present  in  the  population,  comprising  approximate¬ 
ly  20—30%  of  the  total  number  of  cells,  survive.  However,  in  experi¬ 
ments  on  haploid  yeast  cells  after  irradiation  the  appearance  of 
active  lipid  products,  whose  activity  increases  during  incubation  in 
wort,  is  observed  quite  clearly.  The  activity  of  the  lipid  products 
isolated  from  haploid  cells  incubated  after  irradiation  in  tap  water, 
changes  little  in  comparison  with  the  activity  of  lipids  isolated 
from  unincubated  haploid  cells. 

Thus ,  the  experiments  showed  that  irradiation  of  isolated  cells 
leads  to  the  appearance  of  toxic  lipids  in  them.  The  activity  of  the 
lipids  extracted  from  diploid  yeast  cells  increases  with  an  increase 
in  the  irradiation  dose.  For  haploid  and  diploid  strains  of  cells, 
placing  the  cells  after  irradiation  in  nutrient  medium  leads  to  an 
increase  in  the  activity  of  the  lipid  RT.  Placing  the  diploid  and 
haploid  cells  in  tap  water  after  irradiation  does  not  produce  a  no¬ 
ticeable  change  in  the  activity  of  the  lipid  products. 

It  can  be  assumed  that  the  production  of  lipid  RT  under  the  con¬ 
ditions  of  our  experiments  occurs  by  two  methods.  The  lipid  RT  ex¬ 
tracted  from  cells  immediately  after  irradiation  appear  as  a  result 
of  physicochemical  processes  leading  to  the  decomposition  of  lipo¬ 
protein  complexes  with  the  liberation  of  active  products  of  the  un¬ 
saturated  fatty  acid  type  and  their  oxidation  products.  When  the 
cells  are  transferred  to  a  nutrient  medium  after  irradiation  ac¬ 
tive  lipid  products  also  appear  as  a  result  of  a  disturbance  in 
lipid  metabolism. 

Lipid  RT  are  isolated  from  yeast  cells  by  the  same  method  as 
NR  is  obtained  from  Irradiated  animal  tissue  and  are  similar  to  them 
in  effect  on  human  erythrocytes.  Evidently  this  is  connected  with  the 
fact  that  they  both  are  similar  products  of  lipid  oxidation.  Charac¬ 
teristic  data  on  the  appearance  of  the  thiobarbituric  acid  reaction 
which  is  specific  for  products  of  unsaturated  fatty  acid  oxidation 
with  lipid  products  Isolated  from  yeast  cells  also  confirm  this 
assumption. 

The  following  conclusions  can  be  drawn  from  this  work: 

1.  After  Y-irradiatlon  of. diploid  and.  haploid  yeast  cells,  toxic 
lipid  produo t s  appear  in  them. 

2.  The  activity  of  lipid  RT  isolated  from  diploid  yeast  cells 
Increases  with  an  increase  in  the  irradiation  dose. 

3.  Incubation  of  irradiated  yeast  cells  in  nutrient  medium 
leads  to  an  increase  in  the  activity  of  the  lipid  RT  extracted  from 
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them. 


*1 . Incubation  of  irradiated  yeast  cells  in  tap  water  has  little 
effect  on  the  activity  of  the  lipid  RT  extracted  from  them. 

5.  Lipid  RT  isolated  in  experiments  with  yeast  cells  give  a 
specific  reaction  to  products  of  unsaturated  fatty  acid  oxidation, 
which  speaks  of  the  similarity  of  their  chemical  nauure  to  that  of 
RT  isolated  from  animal  tissue. 
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THE  SPECIFICITY  OF  THE  PRODUCTION  OF  TOXIC  LIPID  SUBSTANCES 
(THE  EFFECT  OF  VIBRATION,  ELECTRONARCOSIS  AND  RADIATION) 

Yu.B.  Kudryashov,  Ye.E.  Grayevskaya,  N.G.  Dmltrlyeva,  S.N.  Mekhtlyeva 

V.D.  Mll'gram  and  I.N.  Savateyev 

(Department  of  Biophysics,  Moscow  State  University) 

One  of  the  interesting  and  important  questions.  of  radiation 
biology  and  medicine  is  the  question  of  the  combined  action  of 
factors  of  nonradiation  nature  and  ionizing  radiation  on  living 
organisms . 

It  has  been  shown  in  previous  work  [1,  2]  that  ionizing  radia¬ 
tion  causes  the  production  of  toxic  substances  responsible  for  the 
development  of  radiation  injury.  It  has  also  been  established  that 
lipid  radiotoxins  [RT](PT)  capable  of  causing  the  formation  of  other 
toxic  agents  play  a  leading  role  in  general  radiation  toxemia. 

However,  the  question  of  the  specificity  of  lipid  RT  produc¬ 
tion  has  still  not  been  resolved.  Are  other  physical  factors  cap¬ 
able  of  causing  the  production  of  toxic  lipid  substances?  Is  lipid 
RT  production  a  nonspecific  reaction  of  the  organism  to  external 
influences? 

The  purpose  of  the  present  research  was  to  study  the  effect 
of  electrical  narcosis  and  vibration  on  radiation  injury  and  the 
change  in  some  radiation  effects,  in  particular,  the  production  of 
toxic  lipid  substances ,  from  their  effect. 

The  experiments  were  carried  out  on  white  male  rats  weighing 
120-lAo  g,  which  were  kept  under  the  usual  vivarium  conditions. 
Electroimpulse  generators  of  the  EI-1  and  UEI-1  types  were  used 
to  create  electric  narcosis.  The  electric  current  was  supplied 
through  platinum  electrodes  with  a  cross-section  of  5  *  5  mm  at¬ 
tached  to  the  temporal  lobes  uf  the  cranium  and  continually  moist¬ 
ened  with  physiological  solution.  Electrical  narcosis  was  created 
in  a  wide  frequency  range  (from  200  to  2500  cps)  at  a  current 
strength  of  tt-2'0  raa  and  impulse  duration  of  0. 1-0.5  msec.  The 
method  of  electronarcosls  was  developed  Jointly  with  K.A.  Iordan- 
ls.  Vibration  of  the  animals  was  carried  out  on  a  vibrastand  with  a 
frequency  of  70  cps  at  an  acceleration  of  10-1?  g;  the  duration 
of  the  vibration  was  2  hrs. 
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The  oxidation-reduction  potential  was  measured  on  the  shin 
triceps  muscle  on  a  LP-57M  tube  potentiometer  with  a  polished 
platinum  needle  electrode.  A  saturated  calomel  half  cell  served  as 
the  comparison  electrode.  The  value  of  the  oxidation-reduction 
potential,  Sht  was  expressed  in  the  form  of  LEh  in  millivolts.  In 
studying  the  "oxygen  effect"  the  oxygen  pressure  was  measured  with 
a  pair  of  the  same  electrodes  on  an  LP-60  type  polarograph  with  a 
self-recording  unit. 

Isolation  of  lipids  from  the  liver  of  rats  subjected  to  elec¬ 
tronarcosis,  vibration  and  radiation  and  their  extraction  was  car¬ 
ried  out  according  to  the  well-known  method  [33*  The  activity  of 
the  preparations  Isolated  was  determined  by  the  erythrogram  method, 
modified  for  analysis  of  tissue  lipids  in  Kudryashov's  laboratory 

m. 

As  seen  from  Table  1,  electronarcosis  can  be  produced  in  rats 
only  under  specific  experimental  conditions.  Low  current  frequen¬ 
cies  (25-100  cps)  caused  jUistantanpous  death  of  the  rats. 

The  deepest  electronarcosis  occurs  at  a  frequency  of  800  cps, 
current  strength  of  10-12  ma,  length  of  created  rectangular  Impulses 
0.2  msec  and  duration  of  current  transmission  10  or  more  min  (see 
Table  1).  At  these  parameters  of  eleetronareoels  the  most  profound 
and  short-lived  decrease  in  the  oxidation-reduction  potential  occurs 
in  muscle  tissue  (200  mv) ,  as  well  as  a  more  prolonged  deorease  in 
the  oxygen  level  (AOS)  (Fig.  1). 

TABLE  1 

Change  in  the  Oxidation-Reduction  Potential 

Prom  Various  Conditions  of  Eleotronaroosis 
(duration  of  narcosis,  10  ala) 


1)  Current  frequency,  ops }  2)  current 
strength,  ma; 3)  duration  of  impulses,  mseci 
t)  A Eh  in  muscle,  mv. 


The  described  eleotronaroosis  causes  a  short-lived  flare  in  the 
production  of  toxic  lipid  substances  (Table  2)  which  are  oxidised 
products  of  unsaturated  fatty  adds  in  nature  -  mainly  peroxides  and 
epoxides  (Fig.  2). 

The  toxic  lipid  substances  are  produoed  during  the  first  8-10 
min  after  eleotronaroosis,  and  it  was  not  possible  to  find  them  later. 


Time,  min 


Pig.  1.  Change  in  Eh  and  oxygen  level  in  rat  muscle  after  electro- 
narcosis.  1)  Oxygen  level;  2)  oxidation-reduction  potential. 


Fig*  2.  Hemolytic  aotivity  of  rat  liver  lipids  after  electronar¬ 
cosis  In  the  first  2  min  (a)  and  after  5  min  (b).  Unbroken  line  - 
experimental;  dotted  line  -  control.  1)  Decomposed  erythrocytes,  I; 
2)  hemolysis  time,  min. 


However,  after  vibration,  short-lived  production  of  toxic  lipid 
substances  also  occurs  In  the  animals  In  latsr  periods.  After  vibra¬ 
tion  of  rats  for  2  hrs.  Just  as  after  electronarcosis,  a  decrease  Is 
found  In  the  oxidation-reduction  potential  and  In  the  oxygen  level 
of  the  tissues.  ^ 

As  seen  from  Fig.  3*  the  greatest  activity  of  the  toxic  lipid 
substances  is  observed  In  the  first  2*  hrs  after  vibration,  and  more 
accurately,  in  the  first  2  hrs.  In  the  next  period  toxic  lipid  sub¬ 
stances  are  net  found.  For  comparison  of  the  data  obtained  the  dy¬ 
namics  of  the  change  in  the  level  of  toxic  lipid  substances  after 
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TABLE  2 

Activity  of  Lipid  RT  Isolated  from  Rat  Livers 
After  Effect  of  Electronarcosis 


1)  Solvent;  2)  min;  3)  experimental;  4)  control;  5)  difference;  6) 
mixture  of  chloroform  and  methanol;  7)  chloroform;  8)  petroleum 
ether;  9)  reliability;  10)  reliable  ulth  probability  of  from  95 
to  97.51;  11)  not  reliable.  _ 


Time  after  effect, 
day* 

FI*.  3*  Chance  In  the  level  of  toxic  lipid  subetancee  after  the 
effect  of  radiation,  vibration  and  electronarcoaia.  1)  Irradiation; 
2)  control.  Dot  and  dash  line  -  vibration;  unbroken  line  -  electro- 
narcosis  . 


15* 


irradiation  of  the  rats  with  ionizing  radiation,  the  effect  of  vi¬ 
bration  and  electronarcosis  is  presented  in  Pig.  3.  As  can  be  no¬ 
ticed  on  this  figure,  lipid  RT  are  found  throughout  the  entire  per¬ 
iod  of  radiation  injury. 

In  the  surviving  animals  the  lipid  RT  gradually  decrease  their 
activity  (curve  1),  and  in  the  terminal  period  the  activity  which 
is  found  increases  (curve  2).  The  results  on  the  change  in  toxic 
lipid  substances  in  animals  during  radiation  injury  completely  con¬ 
firm  data  already  known  from  the  literature  [1,  2]. 

It  follows  from  the  results  obtained  that  various  electrical 
and  mechanical  factors  are  capable  of  causing  the  production  of 
toxic  lipid  substances.  However,  in  contrast  to  ionizing  radiation, 
the  production  is  short-lived  and  is  evidently  connected  with  typi¬ 
cal  stress  changes.  The  specificity  of  the  production  of  toxic  lipid 
substances  after  the  action  of  ionizing  radiation  lies  in  the  fact 
that  in  radiation  injury  production  of  lipid  RT  which  increases 
with  time  occurs. 

It  is  interesting  to  note  that  if  the  animals  are  subjected 
to  the  effect  of  electronarcosis  or  vibration  before  irradiation 
with  ionizing  radiation  (or  at  the  moment  of  irradiation),  a  slight 
radioprotective  effect  is  observed.  The  best  conditions  for  survi¬ 
val  of  the  animals  in  the  case  of  vibration  are:  1  hr  before  irrad¬ 
iation  the  dose  Increase  factor  [DIFj  (eyfl),  that  is,  the  ratio  of 
the  semilethal  doses  in  the  experimental  to  the  control  is  Increased 
to  1.2,  in  3  hrs  -  to.  1.09.  Prom  the  effect  of  electronarcosis  at 
the  moment  of  Irradiation  the  DIP  corresponds  to  a  value  of  1.2.  On 
the  basis  ->f  the  data  obtained  it  is  interesting  to  note  that  the 
degree  of  the  decrease  in  the  value  of  the  oxidation-reduction  po¬ 
tential  from  electronarcosis  Is  more  than  from  known  chemical  ra¬ 
dioprotectors  [5].  However,  this  decrease  in  the  potential  is 
short-lived  (see  Pig.  1).  Considering  this,  as  well  as  noting  the 
stress  effect  of  electronarcosis  which  is  additional  to  radiation, 
it  is  evidently  possible  to  explain  the  slight  prophylactic  protec¬ 
tive  effect  of  the  electrical  factor. 

In  the  case  in  which  the  stress  agents  act  after  radiation, 
it  is  possible  to  observe  an  intensification  of  the  radiation  in¬ 
jury  which  is  manifested  in  an  Increase  in  the  number  of  dead  ani¬ 
mals. 

Evidently,  the  effect  of  protection  by  preliminary  electro- 
narcosis  or  vibration  can  be  explained  by  the  condition  of  hypoxia 
which  develops  in  the  rat  organism  and,  consequently,  by  the  oxygen 
effect.  The  intensification  of  the  radiation  injury  is  evidently 
connected  with  an  intensification  cf  the  primary  processes  of  the 
radiation  injury  which  are  manifested  In  the  lipids. 

The  following  conclusions  can  be  drawn: 

l.  Electronarcosis  and  vibration  cause  a  drop  in  the  oxida¬ 
tion-reduction  potential  and  a  prolonged  decrease  In  the  oxygen 
level  in  the  tissues. 
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2.  The  effect  of  stress  agents  causes  the  production  of  toxic 
lipid  substances,  however,  their  production  is  short-lived. 

3.  The  specificity  of  the  production  of  toxic  lipid  substances 
after  the  effect  of  ionizing  radiation  lies  in  the  fact  that  in  rad¬ 
iation  injury  in  contrast  to  the  effect  of  electronarcosis  and  vi¬ 
bration,  the  production  of  lipid  RT  increases  with  time. 
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THE  JOINT  EFFECT  OF  RADIATION  AND  AN  UNSATURATED  FATTY  ACID 

ON  ERYTHROCYTES 

Yu. 6.  Kudryashov,  Z.Ya.  Baltbarzdys,  M.L,  Kakushklna  and  E.E.  Slava 
(Department  of  Biophysics,  Moscow  State  University) 

Data  on  the  possible  participation  of  lipid  radiotoxins  [RT] 

(PT)  in  the  primary  reactions  of  radiation  injury  have  been  pre¬ 
sented  previously  [1].  It  was  shown  on  a  chemical  model  [2]  that  solu¬ 
tions  of  B-carotene  in  oleic  acid  have  high  radiosensitivity  in  com¬ 
parison  with  solutions  of  the  same  compound  in  various  other  sub¬ 
stances.  The  hypothesis  was  expressed  that  an  Indirect  effect  of 
radiation  on  8-carotene  molecules  occurs  as  a  result  of  the  produc¬ 
tion  of  short-lived  primary  RT  in  the  solvent  -  oleic  acid.  It  can 
be  assumed  on  the  basis  of  these  data  that  primary  lipid  RT  are 
also  capable  of1  causing  the  injuries  of  living  irradiated  cells. 

In  order  to  verify  this  hypothesis  experiments  were  set  up  on  a 
study  of  the  Joint  effect  of  radiation  and  oleic  acid  on  erythro¬ 
cytes. 

Oleic  acid,  first  freed  of  Impurities  by  vacuum  distillation, 
was  used  in  the  experiments.  An  emulsion  of  oleic  acid  in  buffer 
solution,  isotontic  blood  plasma,  was  prepared  according  to  a 
previously  described  method  [33.  Human  erythrocytes  were  always 
washed  out  of  the  plasma  on  the  day  of  the  experiment.  Irradiation 
was  carried  out  in  doses  of  0. 5-1.5  and  78  kr  with  Co60  y-rays  in 
GUT -..Co-400  equipment. 

The  stability  of  the  cells  after  the  applied  effects  was  re-» 
corded  by  the  erythrogram  method  [4];  the  reading  of  the  reaction 
time  in  all  the  experiments  was  carried  out  from  the  moment  of  the 
addition  of  oleic  acid.  In  the  case  in  which  the  erythrocytes  were 
treated  with  sublytic  concentrations  of  the  fatty  acid,  damage  of 
the  erythrocytes  was  evaluated  by  their  capacity  for  subsequent 
hydrochloric  acid  hemolysis. 

In  the  first  series  of  experiments  sublytic  concentrations 
of  oleic  acid  of  the  order  of  10" 8  M  were  used.  The  suspension  of 
erythrocytes  in  oleic  acid  was  irradiated  with  a  dose  of  78  kr  and 
incubated  at  a  temperature  of  37°.  After  different  time  intervals 
the  change  in  the  stability  of  the  erythrocytes  to  a  standard  hemo¬ 
lytic  agent  -  hydrochloric  acid  -  was  examined.  Erythrocyte  suspen¬ 
sions,  irradiated  without  oleic  acid,  as  well  as  unlrradlated  cells 
with  oleic  acid,  served  as  the  control. 
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Hydrochloric  Acid  Hemolysis  After  the  Joint 
Effect  of  Radiation  and  Oleic  Acid  on  Erythro 
cytes  (the  time  of  50%  hemolysis  is  indicated 
in  half  minutes) 
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As  seen  from  Table  1,  the  resistance  to  hydrochloric  acid  of 
erythrocytes  irradiated  in  the  absence  of  oleic  acid  at  the  dose 
which  we  selected  did  not  change  in  the  first  3  hrs  of  the  experi¬ 
ment.  The  resistance  of  unirradiated  erythrocytes  after  their  in¬ 
cubation  with  oleic  acid  also  did  not  change  significantly  during 
the  same  time.  In  contrast  to  this,  in  those  experiments  in  which 
the  erythrocytes  were  iri’adiated  in  the  presence  of  oleic  acid, 
upon  subsequent  incubation  for  3  hrs  the  cells*  resistance  to 
hydrochloric  acid  decreased  sharply.  In  this  case  it  was  possible 
to  establish  a  considerable  change  in  the  resistance  of  erythro¬ 
cytes  to  oleic  acid  after  their  preliminary  irradiation. 

Considering  the  significant  intensification  of  oleic  acid 
hemolysis  of  irradiated  erythrocytes  which  takes  place,  in  the  next 
series  of  experiments  0.5-1. 5  kr  doses  of  radiation  were  used,  but 
lytic  concentrations  of  oleic  acid  (1«1(T*  M)  were  taken.  Accord¬ 
ing  to  the  data  presented  in  Table  2,  the  effect  of  radiation  on 
erythrocytes  during  their  irradiation  in  the  presence  of  oleic 
acid  is  stronger  than  the  injury  of  the  cells  by  radiation  and 
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TABLE  2 


Effect  of  Radiation  on  Oleic  Acid  Hemolysis 
(time  of  50%  destruction  of  cells  is  indica¬ 
ted  in  half  minutes) 
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iation  of  erythrocyte-oleic  ac'i'd  system. 


oleic  ac  d  in  the  case  of  their  consecutive  action.  However,  this 
difference  is  not  great  and  was  observed  for  oleic  acid  concentra¬ 
tions  between  5*10  5  and  5*10“*  M. 

It  is  interesting  to  note  that  the  energy  of  activation  of  the 
reaction  of  destruction  of  erythrocytes  irradiated  in  the  presence 
of  oleic  acid,  in  comparison  with  their  destruction  from  the  ef¬ 
fect  of  oleic  acid  without  Irradiation  of  the  system  is  approximate¬ 
ly  20%  lower,  namely,  in  the  first  case  it  has  a  value  of  approxi-  * 
mately  5  kcal/mole,  and  in  the  latter"  -  about  6-7  kcal/mole.  The 
effect  of  an  inhibitor  of  free  radical  systems,  3 ,5-ditertiaryfcutyl- 
^-oxy-2-methylbenzylamin,e 1 ,  on  the  erythrocyte  destruction  reac¬ 
tion  in  the  case  of  the  joint  action  of  oleic  acid  and  radiation 
was  investigated.  The  experiments  showed  that  injury  ’"as  decreased 
by  the  preliminary  addition  of  the  above-mentioned  compound.  As 
seen  from  the  figure,  the  decrease  In  injury  is  greater  In  this 
case  than  the  decrease  In  Injury  of  the  erythrocytes  by  oleic  acid 
without  irradiation  of  the  system. 

Tli  :  data  obtained  indicate  that  in  the  presence  of  oleic  acid 
an  Intensification  of  radiation’s  effect  on  erythrocytes  occurs. 

The  decrease  in  the  energy  of  hemolysis  activation  in  an  Irradiated 
mixture  in  comparison  with  an  unirradiated  mixture,  as  well  as  the 
greater  effectiveness  of  free  radical  Inhibitors  during  irradiation 
may  testify  in  favor  of  the  production  of  active  products  in  the 
samples  during  their  irradiation,  and  in  particular,  in  oleic  acid. 
It  is  possible  that  these  active  products  produced  in  oleic  acid 
are  capable  of  carrying  out  an  indirect  mechanism  of  radiation’s 
effect  on  the  cell,  being  primary  RT. 

It  •*  iould  be  noted,  however,  that  the  use  of  cell  models  in¬ 
troduces  additional  difficulties  in  evaluating  the  mechanism  of  the 
production  and  effect  of  lipid  RT  in  comparison  with  models  at  the 
molecular  level.  This  is  connected  with  the  fact  that,  in  addition 
to  RT  production  in  oleic  acid,  disturbances  also  occur  in  the  ir- 
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Time  of  hemolysis,  min 

Kinetic  curves  of  hemolysis  of  irradiated  (curves  1  and  2)  and  un¬ 
irradiated  (curves  3  and  4)  erythrocytes  from  the  effect  of  oleic 
acid  in  the  presence -of  -3  ,-5  ditertiarybutyl-4-oxy-2-methylbenzyla- 
mine^(curves  2  and  4)  (dose  of  1.5  kr,  inhibitor  concentration 
1-10”*  M,  oleic  acid  concentration  1‘lCf1*  M). 


radiated  erythrocytes.  It  is  possible  that  the  effect  of  the  active 
products  of  irradiated  oleic  acid  is  manifested  even  more  strongly 
after  a  radiation  change  in  the  stroma  of  the  erythrocytes.  Further 
experiments  must  be  devoted  to  an  explanation  of  this  question. 
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THE  TOXICITY  OF  LIPIDS  IN  ANIMAL  RADIATION  SICKNESS 

M.L.  Kakushkina 

(Department  of  Biophysics,  Moscow  State  University) 

According  tc  numerous  papers  presented  in  this  collection, 
various  toxic  compounds  affect  the  development  of  injuries  of 
living  irradiated  organisms.  The  work  of  Kudryashov  et  al.  [1] 
in  which  evidence  is  presented  that  radiotoxins  [RT](PT)  of  lipid 
nature  participate  in  primary  processes  occurring  during  the  rad¬ 
iation  effect  is  of  great  interest  to  this  question.  Recently, 
toxic  lipid  compounds  have  been  found  in  tissues  of  animals  irrad¬ 
iated  with  radiation  of  different  ionization  densities  (see  this 
collection,  page  138).  Hence  it  is  clear  that  a  thorough  study  of 
the  question  of  the  role  of  the  toxic  factor  of  lipid  nature  in 
the  development  of  animal  radiation  injury  is  of  special  impor¬ 
tance  . 

In  broad  aspect  the  question  of  the  role  of  toxemia  in  the 
development  of  radiation  sickness  of  various  living  forms  is 
closely  connected  with  the  study  of  the  mechanisms  through  which 
the  physicochemical  changes  occurring  at  the  molecular  level 
cause  disturbances?  in  biological  functions.  It  has  been  estab¬ 
lished  that  in  vitro  irradiation  of  lipids  in  an  oxygen  atmo¬ 
sphere  causes  the  development  of  oxidation  reactions  which  depend 
on  the  composition  of  the  unsaturated  fatty  acids  [2].  The  litera¬ 
ture  also  contains  indications  that  peroxides  [3,  *0  and  free 
radicals  [5]  are  also  produced  In  lipid  fractions  of  irradiated 
animal  tissues.  Moreover,  destruction  of  tissue  antioxidants  has 
been  found  [6,  7]. 

Considering  the  physicochemical  changes  in  the  lipid  compon¬ 
ents  of  the  tissues  of  irradiated  organisms,  the  widely  known  fact 
that  lipids  occupy  one  of  the  leading  places  in  the  structural 
organization,  energetic  and  functional  activity  of  every  living 
cell  should  also  be  noted.  Numerous  data  in  the  literature  indi¬ 
cate  the  dynamic  nature  and  lability  of  the  tissue  lipids,  in¬ 
cluding  in  stress  states  caused  by  diverse  factors  [8,  93*  Dis¬ 
turbances  in  lipid  metabolism  frequently  are  attributed  to  early 
and  radiosensitive  reactions  of  living  irradiated  organisms  [10, 
11].  Thus,  radiation  damage  of  tissue  lipids  of  the  animal  organ¬ 
ism,  on  the  one  hand,  to  a  certain  degree  is  determined  by  the 
chemical  reactivity  of  these  cell  components,  and  on  the  other 
hand,  it  probably  should  have  a  specific  effect  on  their  function- 


al  activity.  The  question  of  the  toxicity  of  lipids  in  animal  rad¬ 
iation  sickness  must  be  approached  from  these  standpoints. 

Toxic  substances  of  lipid  nature  in  the  tissues  of  irradiated 
mice  and  rats  were  first  detected  and  studied  by  a  group  of  B.N. 
Tarusov’s  co-workers  [12],  who  used  the  hemolytic  test  to  determine 
their  activity,  while  Kudryashov  [13]  showed  that  in  chemical  na¬ 
ture  these  hemolytically  active  compounds  are  unsaturated  fatty 
acids.  Unfortunately,  as  a  rule  these  authors  used  a  method  of 
recording  the  activity  of  the  tissue  hemolysins  of  irradiated 
animals  which  Involved  prolonged  preliminary  incubation  of  the 
tissue  homogenates  with  erythrocytes.  For  a  long  time  the  very  fact 
of  the  production  of  a  toxic  factor  of  lipid  nature  in  an  irradiated 
organism  caused  doubt  in  the  literature.  The  opinion  was  expressed 
that  the  detection  of  hemolytically  active  compounds  is  only  a  re¬ 
sult  of  the  intensification  of  irradiated  tissue  decomposition  dur¬ 
ing  its  posthumous  treatment  [14].  To  explain  the  question  of  the 
production  of  a  toxic  factor  in  the  lipids  of  irradiated  animal 
organisms,  the  following  goals  were  established  in  the  present 
work:  1)  to  study  the  hemotoxic  properties  of  an  unsaturated  fatty 
acid  (oleic)  and  its  oxidation  products,  and  2)  to  investigate  the 
conditions  of  the  production  of  toxic  lipids  in  irradiated  animal 
organisms  and  attempt  to  evaluate  their  role  in  the  development 
of  the  sickness. 

Lipids  from  the  livers  of  irradiated  and  healthy  (as.  a  con¬ 
trol)  animals  served  as  the  material  for  study.  Oleic  acid,  un- 
oxldlzed  and  oxidised  in  an  air  current  at  a  temperature  of  60° 
was  used  in  model  experiments.  There  was  a  total  of  about  100  rab¬ 
bits  in  the  experiments. 

The  hemolytic  test  was  selected  as  the  principal  biological 
criterion  of  toxic  activity.  The  erythrogram  method  developed  by 
Terskov  and  Oitel’zon  [15]  was  used.  In  addition,  the  effect  of 
oleic  acid  and  tissue  lipids  on  the  state  of  phosphorylation  com¬ 
bined  with  oxidation  in  mitochondria  isolated  from  the  pectoral 
muscle  of  pigeons  by  methods  described  in  Reference  [l6j  was  exam¬ 
ined,  In  order  to  study  the  mechanisms  of  toxic  lipid  production, 
their  hemolytic  activity  during  autolysis,  as  well  as  the  anti- 
hemolytic  properties  of  tissue  antioxidants  -  phospholipids  - 
were  determined.  Autolytic  breakdown  of  the  tissues  during  incuba¬ 
tion  (at  37°)  was  Judged  from  the  rate  of  free  fatty  acid  (by  the 
titration  method)  and  amino  acid  accumulation  [17] . 

The  experiments  showed  that  oleic  acid  is  a  strong  hemolytic 
agent  -  it  causes  hemolysis  at  concentrations  of  the  order  of 
1*10“*  M,  that  is,  in  amounts  higher  by  a  factor  of  10*  than  of 
the  choline  and  histamine  RT  known  in  the  literature.  At  concen¬ 
trations  of  1*10'*  M,  this  same  fatty  acid,  while  not  destroying 
the  oells,  considerably  decreases  their  resistance  to  the  subse¬ 
quent  action  of  another  hemolytic  agent  -  hydrochloric  acid  (at 
a  ooneentratlon  of  ^KT*  M). 

Oxidation  of  oleic  acid  Increases  its  hemolytic  effect, 
ohanglng  the  form  of  the  erythrogram  and  kinetic  hemolysis  curves 


(Fig.  1).  Subthreshold  lytic  concentrations  of  oxidised  oleic  acid 
and,  in  addition,  of  chemically  pure  peroxides,  aldehydes  and  ketones 
changed  the  resistance  of  erythrocytes  treated  with  them  to  subse¬ 
quent  hemolysis  by  hydrochloric  acid,  in  the  same  way  as  did  the 
unoxldized  acid.  The  effectiveness  of  sub lytic  concentrations  of 
the  fatty  acid  and  its  oxidation  products  on  the  degree  of  erythro¬ 
cyte  resistance  remained  constant  in  the  temperature  range  of  0-37° 
and  did  not  depend  on  the  volume  of  liquid  in  the  incubated  mixture. 
These  facts  made  it  possible  to  assume  that  the  hemolytic  activity 
of  oleic  acid  depends  on  its  fixation  on  cellular  structures.  This 
assumption  is  supported  by  data  from  the  literature  [18,  193  on  the 
irreversibility  of  fatty  acid  hemolysis  and  its  dependence  on  the 
number  of  erythrocytes  and  their  structural  properties.  The  pheno¬ 
menon  which  was  found  made  it  possible  to  determine  objectively  the 
hemolytic  activity  of  compounds  in  lipid  tissue  extracts. 


Fig.  1.  hemolytic  activity  of  oleic  add  at  different  oxidation 
stages,  a)  2-4  hr  oxidation}  b)  24  hrs ;  o)  3  days;  d)  7  days.  A) 
Erythrogram;  B)  differential  curves. 


A  quantitative  determination  of  the  toxicity  of  different  lipid 
fractions  of  rabbit  livers  showed  that  a  a  concentration  of  0. 5-2.0 
mg/ml  lipids  extracted  by  ether  were  weakly  active,  while  their 
hemolytic  activity  Increased  considerably  after  precipitation  of  the 
phospholipids.  The  precipitated  phospholipids  hardly  changed  the 
rate  of  destruction  of  lntaot  erythrocytes,  whereas  they  sharply  de¬ 
creased  the  destruction  of  cells  treated  with  active  lipids. 

As  seen  from  the  table,  the  toxlolty  of  lipids  obtained  after 
precipitation  of  the  phospholipids  from  the  liver  of  Irradiated 
rabbits  Increases  in  comparison  with  the  control.  In  this  case  the 
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increase  in  the  hemolytic  activity  of  the  tissue  lipids  corresponded 
to  the  increase  in  unsaturated  fatty  acids,  while  the  decrease  in  the 
toxic  properties  of  the  lipids  from  the  addition  of  antioxidants 
(phospholipids  and  cysteamine)  indicates  a  certain  deoendence  of 
these  toxic  properties  on  the  oxidation  of  the  lipids. 


Hemolytic  Activity  of  Rabbit  Liver  Lipids 
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Pig.  2.  Change  in  the  rate  of  proteolysis  (curve  1)  and  lipolysis 
(curve  2)  in  the  liver  in  radiation  sickness  of  rabbits  (irradia¬ 
tion  dose  700  r,  rate  of  processes  measured  during  2  hrs  incuba¬ 
tion  of  the  tissue  at  a  temperature  of  37°).  D)  Rate  of  protein 
decomposition. 


At  the  same  time  it  was  shown  that  protein  (proteolysis)  and 
fat  (lipolysis)  splitting  in  the  livers  of  irradiated  rabbits  in¬ 
creases  in  the  first  period  of  the  lesion's  development,  and  at 
the  time  of  the  animals*  death  the  rate  of  these  processes  is  de¬ 
creased  in  comparison  with  normal  (Pig.  2). 

The  results  of  the  experiment  clearly  make  it  possible  to 
assume  that  the  increase  in  ensymatic  processes  (in  particular, 
lipolysis)  in  Irradiated  animal  tissue  can  to  a  certain  degree 
affect  the  toxlolty  of  the  tissue  lipids,  at  least  in  the  first 
period  of  the  lesion's  development.  It  is  interesting  that  during 
tissue  autolysls  the  antihemolytlc  properties  of  the  phospholipids 
decrease  very  rapidly  whloh  indicates  their  great  lability.  It  is 
seen  from  Pig.  3  that  the  antihemolytlc  properties  of  the  phospho¬ 
lipids  decrease  sharply  in  the  first  hour  of  the  tissue's  incuba¬ 
tion,  whereas  an  lnorase  in  the  hemolytic  activity  in  this  tissue 
as  well  as  lr.  fatty  acid  concentre* '  on  is  noticeable  only  after 


164  - 


-p 


< 

o 

K 

f? 

+» 


Fig.  3.  Change  In  concentration  of  amino  acids  (curve  1),  fatty 
acids  (curve  2),  antihemolytic  activity  of  phospholipids  (curve  3) 
and  hemolytic  activity  of  lipids  (curve  4)  during  Incubation  of 
rabbit  livers  (rate  of  hemolysis  evaluated  from  time  of  501  cell 
dlstructlon;  the  effect  of  the  phospholipids  judged  from  the  degree 
of  drop  in  rate  of  hemolysis). 


2-3  hrs  of  incubation.  It  Is  logical  to  assume  that  there  Is  a 
certain  connection  between  the  change  In  tne  rate  of  the  enzymatic 
(autolytlc)  processes  In  Irradiated  animal  tissues  and  changes  In 
tissue  antioxidants  (phospholipids).  Hence  It  is  natural  that  the 
rate  of  spontaneous  fatty  acid  oxidation,  and  consequently,  their 
toxicity,  must  depend  in  some  way  on  the  rate  of  the  autolytlc 
prooess.  It  is  known  from  References  [20,  213  that  fatty  adds 
and  their  oxidation  products  are  inhibitors  of  proteolytic  en¬ 
zymes.  It  is  possible  that  this  latter  circumstance  by  a  type  of 
feedback  is  capable  of  causing  inhibition  of  autolytlc  processes 
ir.  irradiated  animal  tissues,  which  in  the  present  work  was  ob¬ 
served  before  their  death.  Thus,  in  dlseuesing  the  question  of  the 
production  of  the  toxic  footer  in  the  tissues  of  Irradiated  animals 
it  is  clearly  necessary  to  take  into  ao count  not  only  the  rate  of 
ensymatlc  processes  and  the  degree  of  spontaneous  lipid  oxidation, 
but  also  the  reciprocal  effect  of  these  factors. 

The  fact  that  an  increase  in  the  toxic  properties  of  the  tis¬ 
sue  .lipids  occurs  during  irradiation  of  animals  is  confirmed  by 
testing  their  effect  on  isolated  mitochondria.  Tissue  lipids  not 
only  decrease  the  hemolytic  resistance  of  erythrocytes,  but  also 
change  the  functional  state  of  the  mitochondria  by  primarily  in¬ 
hibiting  phosphorylation.  These  data  confirm  the  correctness  of 
our  conclusions  concerning  the  intensification  of  the  toxic  pro¬ 
perties  of  lipids  as  a  result  of  irradiating  animals,  and  not  only 
their  hemolytic  activity.  It  is  interesting  to  note  here  that  the 
level  of  oxidative  phosphorylation  is  also  decreased  by  oxidised 
acid  and  chemically  pure  cumene  hydroperoxide,  while  an  antioxi¬ 
dant  -  cyste&mlne  -  decreases  the  dissociative  effect  of  oleic 
add. 
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On  the  basis  of  our  own  data  and  material  in  the  literature, 
it  seems  of  interest  to  evaluate  the  role  of  toxic  lipids  in  ani¬ 
mal  radiation  sickness.  There  is  still  not  sufficient  clarity  on 
the  question  of  the  place  of  toxic  lipids  in  the  overall  set  of 
pathological  symptoms  caused  by  the  radiation  effect:  whether  the 
observed  changes  are  caused  by  physiological  mechanisms  or  are 
chiefly  due  to  chemical  activity  of  the  radiation,  leading,  in 
particular,  to  the  oxidation  of  unsaturated  fatty  acids. 

Recently,  the  opinion  that  the  existence  cf  unesterlfied 
fatty  acids  in  the  organism  normally  provides  for  the  performance  of 
some  physiological  functions  has  become  more  and  more  common.  There 
is  a  hypothesis  that  fatty  acids  destroy  aging  erythrocytes  [22] 
and,  in  addition,  participate  in  regulating  the  level  of  the  coup¬ 
ling  of  oxidation  with  phosphorylation  [23] .  The  concentration  of 
unesterlfied  fatty  acids  in  the  animal  organism,  according  to  the 
data  of  a  number  of  authors  [8,  9],  increases  during  the  develop¬ 
ment  of  the  "stress”  adaptation  syndrome. 

A  number  of  symptoms  of  radiation  sickness,  some  investiga¬ 
tors  believe  (see,  for  example,  [24])  are  a  nonspecific  reaction 
of  the  whole  organism  to  an  Injurious  action.  There  are  indica¬ 
tions  [24]  that  protein  decomposition  increases  during  the  develop¬ 
ment  of  the  adaptation  syndrome.  It  can  be  expected  that  the  inten¬ 
sification  of  autolytlc  processes  and  the  simultaneous  Increase  in 
hemolytlcally  active  fatty  acids  in  irradiated  animal  tissues  noted 
in  our  experiments,  as  well  as  in  the  experiments  of  other  authors 
[25], will  turn  out  to  be  connected  in  sum  way  with  the  adaptation 
syndrome. 

According  to  data  in  the  literature  [18,  19,  25],  under  phy¬ 
siological  conditions  fatty  acids  have  an  effect  on  properties  of 
the  lipoprotein  membranes  of  cells  and  tissues  (for  example,  of 
mitochondria  and  erythrocytes).  In  connection  with  this  it  is 
Interesting  to  note  that  in  our  joint  experiments  with  Yu. 8.  Kudry¬ 
ashov  and  E.E.  Slava  the  preliminary  irradiation  of  erythrocytes 
even  with  such  a  small  dose  as  1  kr  noticeably  weakened  their  resis¬ 
tance  to  subsequent  oleic  acid  hemolysis.  The  effect  of  oleic  acid 
on  erythrocytes,  as  the  experiments  showed,  depends  to  a  certain 
degree  on  its  fixation  on  cellular  structures  and  on  oxidation. 
Evidently,  for  purposes  of  further  study  of  the  role  of  the  toxic 
factor  of  lipid  nature  in  the  development  of  radiation  sickness 
of  living  organisms  a  thorough  investigation  of  the  radiation 
damage  of  lipoprotein  membranes  of  living  cells,  the  interaction 
of  fatty  acids  with  then  and  the  effeot  of  these  processes  on  the 
properties  and  biological  functions  of  irradiated  organisms  is 
necessary . 

In  conclusion  the  following  conclusions  can  be  drawn: 

l.  The  effect  of  oleic  acid  on  erythrocytes  depends  on  its 
oxidation,  at  well  as  on  its  fixation  on  cellular  structures* 

2*  After  Irradiation  of  rabbits  with  a  dose  of  1  kr  an  in¬ 
crease  occurs  In  the  toxic  properties  of  the  liver  lipids  in  act- 
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ing  on  erythrocytes  as  well  as  on  isolated  mitochondria. 

3.  An  increase  in  the  toxicity  of  the  lipids  occurs  both 
in  the  first  2-4  hrs  after  the  effect  and  immediately  before 
the  death  of  the  animals.  The  rate  of  enzymatic  autolytic  pro¬ 
cesses  increases  in  the  first  period  after  the  effect  and  is 
lower  than  normal  before  the  animals'  death. 
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MORPHOLOGICAL  AND  HISTOCHEMI CAL  CHANGES  IN  THE  ORGANS  OF  ANIMALS 
SUBJECTED  TO  THE  ACTION  OF  LIPID  RADIOTOXINS 

Ye. A,  Shubnikova,  Yu.B.  Kudryashov,  6.1.  Goroshklna,  G.V.  Dontsova  and 

A. 6.  Konoplyannlkov 

(Department  of  Biophysics  and  Department  of  Cytology  and  Histology, 

Moscow  State  University) 

Clarification  of  the  question  of  what  fine  morphological  and 
cytochemical  changes  occur  in  animal  organs  from  the  effect  of  rad¬ 
iation  and  lipid  RT  (PT),  so-called  natural  radiomimetics,  is  of 
great  theoretical  and  practical  importance  [1].  The  question  of 
similarities  and  differences  in  their  effect  on  structural  cell 
components  and  their  cytochemical  characteristics  remains  open. 

In  the  present  work  a  number  of  rat  organs  were  examined  after 
irradiation  with  y-rays  in  a  dose  of  800  r,  action  by  fast  neutrons 
in  a  dose  of  600  rad  at  an  energy  of  1  Mev  and  the  injection  of 
lipid  RT  obtained  from  the  livers  of  rabbits  irradiated  with  y-rays 
and  neutrons.  Highly  radiosensitive  organs  -  intestines,  liver  and 
kidney  and  a  less  radiosensitive  organ  -the  myocardium  were  investi¬ 
gated  . 

The  effect  of  the  indicated  factors  on  cell  structure  and  cer¬ 
tain  aspects  of  ribonucleic  acid  and  lipid  metabolism,  as  well  as 
on  the  morphology  of  mitochondria,  with  which,  as  is  known,  oxida¬ 
tion,  oxidative  phosphorylation  and  ATP  (AT$)  production  are  assoc¬ 
iated,  was  studied  by  cytological  and  histochemical  methods. 

There  are  numerous  data  in  the  literature  on  histological 
changes  in  tissues  of  irradiated  animals  [2-4],  Hemorrhages  in  the 
liver,  cellular  tissue,  heart,  lungs  and  intestines  are  observed 
in  acute  radiation  sickness.  Protein  and  fat  decomposition  occur 
in  the  liver  and  kidneys,  radiation  nephritis  may  develop  and  ne¬ 
phron  filtration  and  resorption  mechanisms  are  disturbed.  Focal 
necroses  develop  here. 

The  severe  effect  of  ionizing  radiation  shows  up  in  the  diges¬ 
tive  tract  [2,  3,  5-7]  and  the  outcome  of  the  illness  depends  much 
on  the  degrees  of  its  damage.  If,  for  example,  the  intestines  are 
shielded,  the  survival  of  animals  after  irradiation  increeses. 
Macroscopic  changes  in  the  intestines  are  manifested  in  edema  of  the 
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intestinal  tissues,  hemorrhages  and  necrosis  of  sections  of  the 
intestinal  and  stomach  walls.  The  mucous  membrane  of  gastrointes¬ 
tinal  tract  is  subject  to  very  severe  changes.  The  earliest  and 
most  significant  changes  occur  in  the  crypts  where  mitotic  activ¬ 
ity  of  the  cells  is  very  high  [8-11].  In  this  case  the  rhythm  of 
cell  division  is  disturbed,  mitotic  activity  decreases  considerably 
and  some  of  the  cells  die.  At  large  doses  of  irradiation  (up  to  10 
kr)  destruction  and  death  of  a  large  number  of  epithelial  cells  of 
the  small  intestine  occurs,  new  cell  production  ceases,  the  physio¬ 
logical  process  of  cell  replacement  is  disturbed  and  the  submucous 
membrane  becomes  exposed.  This  in  turn  disturbs  the  intestinal 
barrier,  as  a  result  of  which  conditions  are  created  for  the  de¬ 
velopment  of  infectious  processes  [2],  In  connection  with  the 
increase  in  the  penetrability  of  the  intestinal  wall,  severe  de¬ 
hydration  of  the  organism  occurs  [12].  Radiation  acts  in  an  inhib¬ 
itory  way  on  the  imnunobiological  properties  of  the  organism  [13], 
suppressing  antibody  production  and  phagocytosis. 

Many  authors  have  considered  the  cardiac  muscle  to  be  radio¬ 
resistant,  however,  it  has  been  shown  recently  [14 ,  15]  that  sev¬ 
ere  changes  also  occur  in  it.  Swelling,  hypertrophy  or  atrophy  of  the 
muscle  fibers,  flabbiness  of  the  cardiac  muscle  and  partial  disappear¬ 
ance  of  transverse  striation  are  described  in  these  papers.  Sometimes 
the  cardiac  muscle  fibers  undergo  granular  decomposition  and  vacuol¬ 
ization. 

Work  in  which  the  effect  of  toxic  substances  formed  in  irrad¬ 
iated  organisms  has  been  studied  is  of  great  interest.  Substances 
causing  the  destruction  of  intact  erythrocytes  which  were  added  to 
them  were  found  in  liver  homogenates  of  irradiated  mice;  these  prod¬ 
ucts  are  called  the  "hemolytic  factor"  [16-26],  It  has  been  demon¬ 
strated  that  the  hemolytic  factor  also  has  a  toxic  effect  on  other 
cells  [25,  26],  In  connection  with  this  it  was  given  the  more  gen¬ 
eral  name  of  "cytotoxic  factor"  [20],  and  then  -  "natural  radio- 
mimetic"  [13 .  It  has  been  established  by  biochemical  isolation  of 
the  cytotoxic  factor  that  it  contains  a  large  quantity  of  unsatura¬ 
ted  fatty  acid  oxidation  products  of  the  oleic  type  [1,  16,  27,  28]. 
After  Introduction  of  oxidized  oleic  acid  into  an  organism,  changes 
similar  to  changes  during  radiation  sickness  occurred  [27-30]. 

A  preparation  of  the  cytotoxic  factor  (natural  radiomimetic) 
isolated  from  irradiated  rabbit  livers  has  a  toxic  effect  on  various 
biological  systems,  similar  to  the  effect  of  radiation  [1,  25,  Z 6, 

31),  and,  depending  on  the  dose  injected,  most  acute,  acute  and 
chronic  forms  of  the  lesion  can  develop. 

Cytologlcal  and  histochemical  changes  in  organs  from  the  ef¬ 
fect  of  radiation  have  still  been  insufficiently  studied  and  re¬ 
search  on  the  effect  of  lipid  RT  on  cells  and  tissues  is  actually 
just  beginning. 

In  the  present  work  adult  white  male  rats  were  taken  for  in¬ 
vestigation.  A  total  of  150  animals  was  used  in  the  experiment. 

Twelve  hrs  before  fixation  of  the  material  the  rats  were  deprived 
of  food  and  given  water.  Eighty  two  rabbits  were  used  for  isolation 
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of  the  unsaturated  fatty  acids  (lipid  radiotoxic  substances)  which 
served  as  the  radiomimetic , 

For  histochemical  purposes  pieces  of  liver,  kidney,  small  intes 
tine  and  heart  were  fixed  in  Becker’s  ( calcium- formol)  and  Camoy’a 
fluids  and  in  10$  formalin.  Material  fixed  by  the  Carnoy  method  was 
embedded  in  paraffin  and  sections  5  V  thick  were  made.  A  reaction 
for  ribonucleic  acid  [RNA](PHK)  was  carried  out  on  such  sections  by 
Brashe’s  method.  Control  sections  were  treated  with  ribonuclease. 
Pieces  of  organs  fixed  by  Becker’s  method  also  were  embedded  in 
paraffin.  The  thin  sections  were  stained  with  Heidenhain's  hematoxy¬ 
lin  stain  for  mitochondria. 

Tissues  fixed  with  formalin  were  stored  in  the  cold  in  1%  form¬ 
alin,  then  sectioned  on  a  freezing  microtome  and  stained  with  sudan 
III  for  neutral  fat.  The  lipase  reaction  was  carried  out  on  part 
of  the  frozen  sections  by  the  ”twin-80”  method  suggested  by  Gomori. 
The  effect  on  the  sections  of  Lugol’s  solution  or  a  phenol  solution 
which  suppress  lipolytic  activity  in  the  sections  was  used  as  a  con¬ 
trol. 

Along  with  the  histochemical  demonstration  of  lipase,  its  ac¬ 
tivity  was  studied  biochemically.  Demonstration  of  lipase  activity 
in  the  livers  of  control  and  experimental  animals  was  carried  out 
by  Zhdanov  and  Ivanova's  method  [32]. 

Several  samples  were  taken  for  investigation  30  min  and  1,  2, 
3,4,5  and  6  hrs  after  the  mixing  began. 

The  procedure  of  examining  the  samples  was  the  following.  To 
40  ml  of  the  mixture  was  added  20  ml  of  distilled  ether  (freed  of 
peroxides  and  water  by  Yur'yev's  method),  the  mixture  was  extracted 
and  the  insoluble  fat  removed  by  filtration.  The  filtrate  was  divi¬ 
ded  into  four  equal  parts:  two  were  titrated  with  an  0.02  M 
KOH  solution  into  alcohol  with  phenolphthalein,  two  were  left  in 
open  weighing  bottles  until  the  ether  had  completely  evaporated  and 
the  weight  of  the  fat  was  determined  in  these  two  on  an  analytical 
balance  with  accuracy  to  the  .fourth  place. 

Calculations  were  carried  out  according  to  the  formula 


where  X  is  the  acid  number  (mg  K0H/g)j  A  is  the  amount  of  KOH  solu¬ 
tion  which  went  into  titrating  the  sample  containing  fat  (ml),  b 
is  the  amount  of  KOH  solution  which  went  into  titrating  the  control 
sample  (without  fat)  -  the  ’’blind”  sample;  m  is  the  weight  of  the 
fat,  T  is  the  titer  of  the  KOH  solution  (mg  KOH/ml)  (KOH  was  ti¬ 
trated  with  an  0.1  M  HC1  solution). 

The  acid  number  shows  the  number  of  milligrams  of  base  neces¬ 
sary  to  neutralize  the  free  fatty  acids  in  a  1  g  sample  of  the  test 
substance . 
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In  the  course  of  our  work,  irradiation  with  y-rays  an(*  fast 
neutrons,  as  well  as  lipid  RT,  were  used. 

Irradiation  with  y-rays.  Rats  were  subjected  to  one  total  ir¬ 
radiation  in  a  GUBE-800  unit  in  a  dose  of  800  r  at  a  dose  rate  of 
55  r/min.  The  irradiation  was  carried  out  with  four  Co60  prepara¬ 
tions  uniformly  located  around  the  animal.  The  rats  were  killed  on 
the  ?th-8th  day  after  irradiation  -  at  the  climax  of  the  manifest 
cllnica*!  changes. 

Irradiation  with  fast  neutrons.  Irradiation  with  fast  neutrons 
with  an  energy  of  more  than  0.1  Mev  was  carried  out  totally  in  an 
IPP-LOOO  fast  impulse  reactor.  The  rats  were  irradiated  with  neu- 
ti^ns  with  a  dose  of  600  rad  at  an  energy  of  1  Mev.  The  animals 
were  also  killed  on  the  7th-8th  day  after  irradiation. 

The  extraction  of  lipid  RT  [1]  and  their  Injection  Into  rats. 

The  lipid  RT  (natural  radiomimetic)  preparation  was  isolated  from 
the  liver  of  rabbits  irradiated  with  y-rays  and  neutrons  under  the 
same  conditions  as  the  rats.  Two  to  three  days  after  irradiation, 
the  rabbits  were  killed  by  decapitation,  the  liver  removed  and 
pulverized  in  a  homogenizer  for  3-5  min  at  1000  rpm.  All  the  opera¬ 
tions  were  carried  out  in  the  cold  room  (at  a  temperature  of  2-*J°). 

A  four-fold  volume  of  diethyl  or  petroleum  ether  (the  ether  was 
first  distilled  in  the  presence  of  Pe2+  to  remove  such  impurities 
as  peroxides)  was  poured  over  the  homogenate  obtained.  The  homogen¬ 
ate  with  the  ether  was  placed  on  a  mechanical  shaker.  The  extrac¬ 
tion  was  carried  out  with  constant  mixing  of  the  samples  for  from 
2  to  2*1  hrs.  Two  hrs  after  the  beginning  of  the  mixing  the  four¬ 
fold  volume  of  ether  was  poured  off,  and  a  two-fold  volume  poured 
on.  The  mixture  was  filtered  after  2*1  hrs  and  the  ether  fraction 
obtained  was  evaporated  in  a  film  evaporator  in  a  vacuum.  Acetone 
(In  an  amount  of  1  ml  per  weighed  portion  of  the  tissue  taken)  was 
added  to  the  oily  residue  in  order  to  free  it  from  phospholipids 
which  are  insoluble  in  acetone.  The  samples  were  mixed  carefully 
and  left  overnight  in  the  cold  room.  The  phospholipid  precipitate 
was  removed  by  filtration  and  the  supernatant  liquid  again  sub¬ 
jected  to  rapid  evaporation.  The  oily  preparation  obtained  ("ace¬ 
tone  fraction")  was  weighed  and  used  in  experiments  as  the  lipid 
radiomimetic . 

The  toxicity  of  the  preparation  was  studied  preliminarily  by 
the  erythrogram  method  [33]*  The  work  was  carried  out  in  an  FEK-M 
or  FEK-52  apparatus.  Curves  (erythrograms)  were  constructed  on  the 
basis  of  the  data  obtained  which  reflect  changes  in  the  stability 
time  of  erythrocytes  taken  from  animals.  Changes  in  the  erythrograms 
give  an  idea  of  the  toxicity  of  the  radiomimetic  used.  Erythrograms 
obtained  after  the  action  of  an  0,00*1  n  hydrochloric  acid  solution 
on  erythrocytes  served  as  the  control. 

The  activity  of  the  NR  (EP)  preparation  was  determined  from 
the  erythrograms  obtained  [1],  The  same  degree  of  hemolysis  occurs 
from  the  effect  of  0,00*1  n  hydrochloric  acid  in  physiological  solu¬ 
tion  (in  a  dilution  of  1:*10),  a  radiomimetic  obtained  from  animals 
subjected  to  neutron  irradiation  (1:12,800)  and  a  radiomimetic  ob- 
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tained  from  animals  subjected  to  y-ray  irradiation  (1:16,000). 
Preparations  of  the  indicated  activity  were  used  for  injection  in¬ 
to  animals . 

There  was  one  intraperitoneal  injection  in  a  dose  of  0.6-0. 8 
ml,  which  corresponds  to  y-ray  irradiation  with  a  dose  of  700-800  r 


In  the  experiments  rats  were  irradiated  with  y-rays  ( in  a  dose 
of  800  r)  or  subjected  to  the  effect  of  a  flux  of  neutrons  with  an 
energy  of  1  Mev  (in  a  dose  of  600  rad).  Animals  were  also  injected 
with  0.7-0. 8  ml  of  radiomimetic  obtained  from  animals  after  y-ray 
or  neutron  irradiation.  The  animals  were  dissected  on  the  7th-8th 
day. 

The  observations  described  below  were  made  during  the  Vxpsri- 

ment . 

Matty* cop ic  changes  caused  by  the  effect  of  lipid  RT  and 
irradiation  with  y-rays  and  neutrons.  After  the  injection  of  lipid 
RT  and  irradiation  of  the  rats  symptoms  of  radiation  sickness  ap¬ 
peared:  appetite  decreased,  disorder  of  the  gastrointestinal  tract 
and  anemia  of  the  mucosa  developed.  The  animals  began  to  react  slug¬ 
gishly  to  stimuli  and  noticeably  lost  weight.  The  following  changes 
were  noted  upon  autopsy  in  the  animals  affected  by  irradiation:  fo¬ 
ci  of  hemorrhages  appeared  in  the  lungs  and  sometimes  local  necro¬ 
tic  foci  were  encountered.  Anemia  of  the  cardiac  tissue,  intestines, 
kidneys  and  other  organa  developed.  Necrotic  foci  appeared  in  the 
intestines.  Focal  hemorrhages  were  seen  in  a  number  of  organs. 

After  the  injection  of- lipid  RT  considerable  changes  were  ob¬ 
served  in  the  internal  organs,  particularly  the  liver.  It  was  en¬ 
larged  and  became  anemic,  its  lobes  coalesced  and  commissura  of  the 
liver  with  a  number  of  adjacent  organs  were  observed.  Adiposis  and 
sometimes  punctate  hemorrhages  developed  in  it. 

The  stomach  changed  in  the  cardiac  section  of  the  cicatrix; 
the  intestines,  particularly  the  small  intestine,  had  necrotic 
foci.  The  transitional  section  of  the  small  intestine  was  severely 
distended  into  the  large  intestine.  The  spleen  decreased  in  size, 
became  firm  to  the  touch  and  was  covered  on  top  with  a  fatty  deposit. 
The  kidneys  were  full  of  punctate  hemorrhages.  The  right  kidney  was 
often  adherent  to  the  liver.  The  mesentery  was  flaccid,  the  testi¬ 
cles  were  porous  and  fat  was  deposited  on  them.  Sometimes  the  site 
of  the  injection  was  seen  since  a  necrotic  patch  developed  around  it. 

Cytologlcal  and  hlstochemlcal  study  of  the  liver  of  control 
rats  and  animals  subjected  to  Irradiation  and  the  effect  of  lipid  RT. 
The  parenchymatous  cells  of  normal  rats  have; a  polygonal  shape;  the 
cell  borders  and  the  nuclei  which  contain  2-3  nucleoli  are  clearly 
visible.  The  venous  capillaries  are  lined  with  comparatively  small 
compressed  Kupffer  cells.  Plasmatic  cells,  as  a  rule,  are  not  en¬ 
countered.  RNA  is  found  in  the  cytoplasm  of  the  parenchymatous  cells 
in  the  form  of  clumps;  the  intensity  of  the  reaction  is  average.  The 
nucleoli  are  rich  in  RNA.  The  Kupffer  cells  have  a  low  basophilia  in 


comparison  with  the  parenchymatous  cells  (due  to  the  presence  of 
RNA)  and  dense  oval  nuclei. 

The  hepatic  cells  of  animals  irradiated  with  y-rays  (dose  of 
800  r)  undergo  atrophic,  dystrophic  and  necrotic  changes  and  the 
capillaries  are  dilated,  the  parenchymatous  cells  contract.  Many 
Kupffer  cells  are  swollen,  disintegrated  and  fall  into  the  lumen 
of  the  capillaries.  The  RNA  content  of  the  hepatic  cells  increases; 
the  basophilic  masses  become  coarser.  In  many  cells  disappearance 
of  the  nucleoli  and  karyolysis  is  observed.  Plasmoblasts  and  plas- 
mocytes  appear  in  the  liver. 

Prom  the  effect  of  radiomimetic  obtained  from  animals  subjected 
to  irradiation  with  y-rays  (we  shall  call  it  y-radiomimetic  for 
short),  some  cells,  just  as  from  irradiation,  undergo  atrophic  and 
necrotic  changes.  In  some  cases  the  basophilic  masses  in  the  cyto¬ 
plasm  become  more  pronounced,  in  other  cells  fatty  inclusions  are 
accumulated,  and  fragments  of  cytoplasm  rich  in  RNA  are  distributed 
around  the  periphery  of  the  cells  and  in  the  perinuclear  zone.  The 
nuclei  of  the  parenchymatous  cells  are  shriveled  and  condensed. 

Many  plasmatic  cells  which  strike  the  eye  with  their  clear  baso¬ 
philia  appear  in  the  liver;  neutrophils  appear  in  the  vessels  and 
stroma  of  the  liver.  Mitoses,  rare  in  a  normal  liver,  are  encount¬ 
ered  in  the  parenchymatous  cells. 

Prom  the  effect  of  fast  neutrons  (dose  of  600  rad,  energy  of 
1  Mev)  focal  necroses  are  found  in  the  liver.  The  cytoplasm  of  a 
majority  of  the  cells  is  lumpy  and  basophilic,  especially  around 
the  periphery  of  the  cell.  The  Kupffer  cells  are  severely  swollen 
and  some  of  them  fall  into  the  lumen  of  the  capillaries. 

Radiomimetic  obtained  from  animals  subjected  to  irradiation 
with  neutrons  ("neutron  radiomimetic")  also  leads  to  the  develop¬ 
ment  of  dystrophic  and  necrotic  changes  in  the  liver.  The  cytoplasm 
of  the  parenchymatous  cells  has  considerable  lumpiness.  The  RNA  con¬ 
tent  of  the  lumps  is  high.  Some  of  the  cells  are  vacuolized,  the 
boundaries  between  the  cells  are  obliterated  and  they  are  decomposed. 
In  some  cells  the  nuclei  are  hypertrophied;  the  nucleoli  are  also 
enlarged.  Sometimes  the  nucleoli  emerge  from  the  nuclei.  The  capil¬ 
laries  are  distended;  numerous  neutrophils  are  seen  in  them.  The 
number  of  plasmatic  oells  with  clearly  basophilic  cytoplasm  also 
Increases. 

A  study  of  lipase  activity  by  the  "twln-80"  method  showed  that 
lipase  is  absent  from  the  cytoplasm  of  the  parenchymatous  cells  of 
the  control  animals.  There  is  a  weakly  positive  reaction  in  a  few 
nuclei  in  which  small  dark  granules  of  PbS  are  distributed  along  the 
nuclear  membrane.  The  lipase  reaction  is  positive  in  the  nuclei  and 
cytoplasm  of  the  Kupffer  cells,  as  well  as  in  the  peripheral  sec¬ 
tions  of  the  erythrocytes  (Fig.  1). 

After  irradiation  with  y-rays  the  lipase  activity  of  the  hepatic 
tissue  increases  considerably.  Granules  of  PbS  are  found  in  the  cyto¬ 
plasm  and  especially  in  the  nuclei  of  parenchymatous  cells.  Enzymatic 
activity  is  also  intensified  in  the  endothelium  of  the  liver  capil- 
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Pig.  1.  Liver  cells  of  normal  rats  and  rats  irradiated  with  y-rays. 
(The  "twin-80"  method  for  lipase.)  a)  Hepatic  cells  of  normal  ani¬ 
mal  (lipase  does  not  appear  in  the  parenchymatous  cells;  a  positive 
reaction  is  found  in  the  endothelium  and  erythrocytes);  b)  parenchy 
matous  cells  of  liver  after  irradiation  with  y-rays  in  a  dose  of 
800  r  (granules  of  PbS  are  seen  in  the  nuclei  of  the  hepatic  paren¬ 
chyma).  Magnification  7  *  90. 


1)  Incubation  time,  hrs;  2)  weight  of  fat  isolated  from  the  animal 
livers,  mgs;  3)  injected;  H)  intact;  5)  acid  number  of  sample;  6) 
experimental;  7)  control. 


laries  and  erythrocytes  (Pig.  1). 

Similar  changes  occur  in  the  lipolytic  activity  o'  the  hepatic 
tissue  after  neutron  irradiation  and  the  injection  of  y-  and  neutron 
radlomimetlcs.  Lipase  activity  Increases  very  strongly  in  the  nuclei 
of  the  parenchymatous  cells  (PbS  granules  clog  the  nuclei);  PbS 
granules  are  also  encountered  in  the  cytoplasm.  Lipolytic  activity 
is  also  Intensified  in  the  Kupffer  and  plasmatic  cells  and  in  the 
erythrocytes. 

The  following  results  were  obtained  from  a  biochemical  deter- 


mination  of  the  lipolytic  activity  of  the  liver  tissue  of  control 
rats  and  animals  after  the  injection  of  Y-radiomimetic  (see  table). 

A?  .in  from  these  data,  in  the  experimental  animals  an  in¬ 
crease  lipase  activity  occurs  in  the  first  hours  of  incubation, 
then  t  a  is  a  slight  lag  and  again  a  Jump  after  5  hrs  of  incuba¬ 
tion.  the  controls  the  activity  Increases  in  the  first  2  hrs, 
and  then  during  the  next  hours  remains  relatively  constant.  It  is 
Important  that  at  the  beginning  of  the  experiment  the  lipase  activ¬ 
ity  of  the  control  animals  was  considerably  lower  than  that  of  the 
experimental  animals.  (Thirty  rats  were  used  In  the  experiment.) 

A  study  of  the  mitochondria  in  the  liver  of  normal  rats  showed 
that  they  have  a  granular  shape,  sometimes  are  slightly  elongated. 
Large  numbers  of  them  fill  the  cytoplasm  of  the  parenchymatous  cells 
(Pig.  2). 

After  y-ray  irradiation  the  morphology  of  the  mitochondrial 
apparatus  changes  considerably.  In  some  cells  the  mitochondria  gen¬ 
erally  disappear,  in  others  they  become  few  in  number,  but  large, 
rounded,  oval  or  rod-shaped.  Finally,  cells  are  encountered  which 
almost  without  exception  are  clogged  with  large  clumps  which  evi¬ 
dently  are  conglomerate  swollen  mitochondria  and  condensed  particles 
of  cytoplasm  which  have  undergone  coagulation.  So»ae  cells  retain  the 
mitochondria  unchanged. 

Prom  the  injection  of  radiomimetlcs  obtained  after  irradiation 
of  the  animals  with  neutrons  and  Y-rays ,  the  mitochondria  in  the 
parenchymatous  cells  of  the  liver  for  the  most  part  are  fused  into 
large  irregular  masses,  frequently  located  around  the  nuclei.  In 
some  cells  the  mitochondria  are  swollen,  spherical  or  considerably 
elongated.  In  the  latter  case  the  ends  of  the  mitochondria  probab¬ 
ly  stick  together  to  form  a  conglomerate  (see  Pig.  2). 

Neutral  fat  is  contained  in  the  liver  of  normal  rats  which 
were  starved  for  2$  hrs  before  they  were  killed,  in  the  form  of 
rather  small  droplets  scattered  throughout  the  cytoplasm  of  the 
parenchymatous  cells.  After  Irradiation  with  Y-raya  and  fast  neu¬ 
trons  the  number  and  else  of  the  fatty  droplets  in  the  cells  in¬ 
crease.  This  phenomenon  was  also  observed  after  Injection  of  the 
animals  with  radiomimetlcs. 

Cytologies!  tad  Mstocltemlcal  study  of  the  small  Intestine  of 
control  rats  and  animals  subjected  to  1r  adlatlon  and  the  action  of 
lipid  RT.  In  the  intestines  of  normal  rats  the  epithelium  lining  the' 
villi  and  crypts  is  a  layer  of  cylindrical  cells.  There  are  numercu 
mitoses  in  the  crypts.  Basophilia  of  the  cytoplasm  of  the  epithelial 
cells  due  to  the  presence  of  RNA  is  comparatively  low.  It  is  lower 
in  the  epithelium  of  the  villi  and  somewhat  higher  in  the  crypt  cells 
The  nucleoli  are  basophilic,  especially  in  the  nuclei  of  the  crypt 
cells . 

Considerable  changes  occur  in  the  rat  intestines  on  the  8th 
day  after  y-ray  irradiation:  destruction  of  the  epithelial  cells 
of  the  apices  of  the  villi  which  are  desquamated  into  the  lum<n  or 
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Pig.  2.  Mitochondria  In  liver  cells  of  normal  and  Irradiated  rata. 
(Heidenhaln's  iron  hematoxylin  stain),  a)  Mitochondria  in  hepatic 
cells  of  normal  animals;  b)  mitochondria  in  liver  after  injection 
of  neutron  radlomlmetlc;  c)  mitochondria  in  liver  after  irradiation 
with  y-rays;  d  and  e)  mitochondria  in  liver  cells  after  injection  of 
Y-radlominetlo.  Magnification  7  «  90, 


the  intestine.  Sometimes  whole  epithelial  levers  fall  off,  and  in 
soae  cases  destruction  and  decomposition  of  even  whole  villi  occurs. 
The  stroma  of  the  retained  villi  is  swollen  and  becomes  edematous. 
The  number  of  plasmatic  cells  increases  in  it.1  The  cavities  of  the 
crypts  are  considerably  enlarged,  the  crypt  cells  are  condensed, 
mitoses  are  rarely  encountered.  The  SNA  content  of  the  epithelium 
of  the  villi  and  crypts  increases.  The  nuclei  and  nucleoli  are  fre¬ 
quently  hypertrophied,  especially  in  the  crypts.  Sometimes  the 
nucleoli  emerge  from  the  nuclei. 

After  the  injecti?^  of  Y^adlomi^etic  a  very  considerable 
growth  of  the  connswUve  tissue  In  the  villi  occurs  in  the  intes¬ 
tines.  Here  the  number  of  plasmatic  cells  and  lymphocytes  increases. 
Mitoses  are  encountered  in  the  crypts  -  more  frequently  than  after 
Y-ray  irradiation,  but  considerably  more  infrequently  than  normally. 
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Some  of  the  epithelial  cells  of  the  villi,  and  sometimes  whole  epi¬ 
thelial  layers  are  desquamated  into  the  lumen  of  theintestines . 

The  RNA  content  of  the  epithelial  cells  of  the  villi  and  crypts 
increases  considerably.  The  necrotizing  cells  gradually  lose  their 
basophilia,  the  nuclei  decompose  and  the  cells  pass  into  the  detri¬ 
tus  . 

Irradiation  with  fast  neutrons  causes  severe  destruction  of 
the  intestines.  Frequently  the  epithelial  lay«rs  of  the  mucosa  and 
even  whole  villi  are  torn  away  into  the  lumen  of  the  intestines  and 
the  submucous  membrane  becomes  exposed.  In  the  epithelium  of  the 
villi.  If  it  is  retained,  the  borders  between  the  cells  are  oblit¬ 
erated  and  the  cytoplasm  is  vacuolized.  The  beaker-shaped  mucous 
glands  swell,  the  cells  get  too  full  of  secretion  and  disintegrate. 
The  intensity  of  the  basophilia  of  the  cytoplasm  of  the  intestinal 
epithelial  cells  increases.  The  number  of  plasmatic  cells  rich  in 
RNA  increases. 

After  the  injection  of  neutron  radldMmetiC',  destruction  of 
some  of  the  epitneilal  cells  of  the  villi- also  occurs.  The  pcrders 
between  the  cells  are  obliterated.  Ir.  che  crypts  the  changes  a,re 
comparatively  small:  mitoses  are  retained  and  tnr  number  of  deed 
cells  is  small.  Beeker-shaped  mucous  cells  secrete  intensely  and 
partially  disintegrate.  The  number-  of  plasmatic  cells  ir,  the  con¬ 
nective  tissues  of  the  villi  is  increased.  The.  KHa  content  in  the 
epithelium  of  the  villi  and  crypts  is  increased  in  comparison  with 
normal,  ■" 

A  study  of  the  lipase  activity  in  normal  intestinal  tissues 
showed  that  the  enzyme  ie  found  mainly  around  the  periphery  of  the 
cell  nuclei  of  all  layers -of  the  inteat ipai  wall>  PbS  granules  ar© 
also  deposited  in  small  amounts  in  the  cytoplasm  Of  the  villi  epi¬ 
thelium.  The  lipase  activity  is  lower  tri  the  epithelial  cells  of 
the  crypts.  There  is  very  high  lipase  activity  in  the  plasmatic 
cells,  and  PbS  granules  are  found  in  the  nuclei  and  in  very  large 
amounts  in  the  cytoplasm. 

After  y-ray  Irradiation,  the  lipolytic  activity  of  all  layers 
of  the  intestines  increases.  The  mis lot  become  clogged  with  granules 
Many  granules  appear  in  the  ectoplasm  of  the  epithelial,  muscle  and 
other  cells.  Lipase  activUy  te  retained  at  a  very  hit;;,  level  m  the 

plasmatic  cells. 

The  injection  of  Y«*jtiibal»#tie  leads  to  Increased  Vi  pass  ac¬ 
tivity  of  intestinal  tissues.  The  content  of  PfcS  granules  m  th« 
nuclei  of  epithelial  and  %asel&  cells  increase?  particularly  heavily 
the  activity  in  the  cytoplasm  also  increases.  Lipase  activity  is  in- 

1  creased  in  the  endothelium  of  the  capillaries  and  in  the  erythrocyte 
whicr  almost  without  exception  become  black  with  the  PbS  granules 
which  clog  them.  The  lipase  content  of  the  plasmatic  ceils  is  high. 

'Irradiation  with  neutrons,  as  well  as  the  injection  of  radlomlflifcfclc 
obtained  after  neutron  irradiation  causes  similar  changes  in  the 
Intestinal  tissues  of  the  injected  rate.  In  the  epithelium  of  the 
villi  the  PbS  granul,  3  fill  the  nuclei  and  are  found  in  the  cyto¬ 
plasm  in  a  greater  amount  than  normally.  There  !a  very  hirw  en'fa- 


activity  in  the  plasmatic  cells,  endothelium  and  erythrocytes. 

The  mitochondria  in  the  epithelial  cells  of  the  intestines  of 
normal  rats  are  small  threads  or  granules.  There  are  especially  many 
of  them  in  the  apical  parts  of  the  cells. 

After  y-ray  irradiation  the  mitochondria  in  the  apical  sections 
of  the  cells  are  considerably  swollen  and  fuse  into  beaded  formations 
or  irregular  conglomerates.  These  conglomerates  are  sometimes  en¬ 
countered  in  the  basal  sections  of  the  cells.  It  is  quite  difficult 
to  distinguish  individual  mitochondria  in  such  conglomerates. 

The  injection  of  y-  and  neutron  radiomimetics  leads  to  similar 
results:  the  mitochondria  in  the  epithelium  of  the  intestines  are 
swollen  and  fuse  into  supernuclear  conglomerates.  Conglomerate  mito¬ 
chondria  are  sometimes  encountered  under  the  nucleus.  In  dead  cells 
mitochondria  frequently  are  not  seen  at  all. 

Neutral  fat  in  the  epithelium  of  normal  rat  intestines  Is  found 
in  a  few  cells  in  the  form  of  fine  droplets  (the  rats,  as  was  In¬ 
dicated,,  were  starved  for  2M  hrs).  After  irradiation  with  y- rays 
and  neutrons  and  the  injection  of  both  types  of  radiomimetic  drop¬ 
lets  of  neutral  fat  appear  in  the  epithelium  in  large  amount,  and 
some  cells  are  diffusely  stained  with  sudan  III, 

Cytologlcal  and  hlstochemlcal  study  of  the  kidneys  of  control 
rats  and  animals  subjected  to  Irradiation  and  the  action  of  lipid 
radiotoxins.  Uninjured  convoluted  and  straight  tubules  and  renal 
bodies  in  which  fch>  area between  the  outer  and  inner  leaflets  of 
Shumlyanskiy ’ s  capsule  is  small  and  slit-like  are  clearly  seen  in 
the  kidneys  of  the  control  tats.  RNA  is  found  in  the  cytoplasm  of 
the  tubule  cello  anct ''Malpighian  bodies  in  a  comparatively  low  con¬ 
centration. 

From  the  effect  of  y-rays  and  neutrons  changes  which  primarily 
affect  the  convoluted  tubules  occur:  granular  dystrophy  which  changes 
to  necrosis  arises.  In  such  cells  the  nuclei  often  disappear,  the 
cytoplasm  becomes  lumpy,  the  apical  membrane  of  the  cell  disinte¬ 
grates  and  pieces  of  cytoplasm  with  mitochondria  and  pycnotizing 
and  lysing  nuclei  fall  into  the  lumen  of  the  tubules.  The  kidney 
glomeruli  often  are  shriveled  and  the  cpace  between  the  cuter  and 
Inner  leaflets  of  the  capsule  la  increased.  Basophilia  of  the  cyto¬ 
plasm  of  the  tubule  and  glomeruli  cells  Is  somewhat  increased. 

The  injection  or  y-  and  neutron  radiomimeties  causes  changes 
primarily  affecting  the  convoluted  tubules  of  the  kidney,  siftiiar 
to  radiation. 

Lipase  activity  in  the  glomeruli  cells  of  normal  rat  kidneys 
i&  low.  In  the  tubules  lipase  is  found  in  the  nuclei  and  numerous 
PbS  granules  are  also  found  in  the  cytoplasm,  chiefly  located  in 
the  vicinity  of  the  walls. 

Lipase  activity  intensifies  in  the  glomeruli  and  especially  in 
the  convoluted  tubules  from  the  effect  of  y-rays  and  neutron  radio- 
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Fig.  3.  Cells  cf  renal  tubules  after  injection  of  y-radiomimetic .  Li 
pase  reaction.  fbS  granules  are  seen  in  the  cytoplasm  and  nuclei  of 
the  parenchymatous  cells.  Magnification  7  *  90. 


mimetic.  In  the  latter  the  PbS  granules  clog  the  nuclei  and  are 
scattered  in  large  numbers  in  the  cytoplasm  (Fig.  3).  In  lysirg  nu- 
cxei  the  lipolytic  activity  disappears,  and  small  uniformly  dis¬ 
tributed  PbS  granules  appear  in  the  cytoplasm  of  such  necrotizing 
cells. 

Mitochondria  in  the  renal  tubule  cells  of  normal  rats  have 
different  shapes  in  different  parts  of  the  nephron.  In  the  convol¬ 
uted  tubules  they  are  primarily  elongated  and  located  chiefly  in  the 
basal  parts  of  the  cells,  whereas  in  the  insertion  and  connective 
sections  they  are  mainly  granular.  In  Henle's  loops  the  mitochon¬ 
dria  are  small  granules  or  are  in  the  form  of  rods. 

After  irradiation  with  y-rays,  in  cells  which  have  been  most 
strongly  subjected  to  the  action  of  radiation,  the  mitochondria  are 
swollen,  are  fused  into  strands  or,  on  the  contrary,  are  very  fine. 
In  disintegrating  cells  the  mitochondria  can  be  seen  in  the  bits  of 
cytoplasm  which  fall  into  the  lumen  of  the  tubule.  In  other  sections 
of  the  nephron  the  changes  in  the  mitochondria  are  less  considerable 

The  injection  of  y-  and  neutron  radiomimetics  also  leads  to 
fusing  and  swelling  of  the  mitochondria,  chiefly  in  the  convoluted 
tubules  of  the  kidney  (Fig.  4). 

Neutral  fat  which  is  found  in  the  form  of  fine  droplets  in 
rare  cells  of  the  nephron,  after  the  action  of  radiation  and  radio- 
ittimetics  appears  in  the  form  of  larger  droplets  and  in  a  large  num¬ 
ber  of  cells. 


Pig.  4.  Celia  of  disintegrating  renal  tubules  after  injection  of 
neutron  radiomimetic.  Iron  hematoxylin  stain.  Swollen  mitochondria 
and  detachment  of  pieces  of  cytoplasm  with  nuclei  in  the  lumen  of 
the  tubule  are  seen.  Magnification  7  x  90. 


Cytologies!  and  hlstoehemlcal  study  of  the  myocardium  In  con¬ 
trol  rats  and  animals  subjected  to  radiation  and  the  action  of  lipid 
RT .  In  the  myocardium  of  normal  rats  the  transverse  striation  of 
the  myofibrillae  is  clearly  seen;  the  centrally  located  nuclei  have 
2-3  small  nucleoli;  the  connective  tissue  layers  between  the  muscle 
trabeculae  are  thin.  RNA  is  found  in  the  muscle  cells  in  a  low  con¬ 
centration;  the  nucleoli  also  contain  RNA. 

After  the  effect  of  y-rays  and  neutrons  separation  of  the  mus¬ 
cle  fibers  occurs,  in  many  places  (especially  from  the  effect  of 
Y-rays)  the  transverse  striation  disappears  and  vitreous  segments 
devoid  of  transverse  striation  are  formed.  In  some  places  granular 
decomposition  of  the  muscle  fibers  is  seen.  The  nuclei  are  partially 
lysed,  and  some  are  shriveled  and  become  turbid.  Basophilia  of  the 
cytoplasm  of  the  muscle  cells  in  a  majority  of  cases  increases; 
only  in  fibers  which  have  undergone  considerable  necrotic  Changes 
can  a  decrease  in  the  RNA  content  be  observed.  In  some  sections 
of  the  myocardium  hyperemia  and  focal  hemorrhages  are  seen. 

The  injection  of  y-  and  neutron  radiomimetics  causes  changes 
which  are  very  reminiscent  of  the  effect  of  radiation.  Separation 
of  the  muscle  fibers  also  occurs,  sections  of  coagulated  necrosis, 
foci  of  polyemia  and  hemorrhages  appear.  The  transverse  striation, 
especially  after  the  effect  of  y-radiomimetic,  becomes  poorly  visi¬ 
ble  in  places.  Neutron  radiomimetic  often  causes  coarsening  of  the 
myofibrillae  and  a  kind  of  "coagulation"  of  the  A-disks  which  are 
converted  into  dense  granules.  Some  nuclei  are  deformed  and  dis¬ 
appear.  The  RNA  content  of  the  muscle  cells  mainly  increases,  the 
nucleoli  become  more  basophilic  and  sometimes  emerge  from  the  nucleus. 

Lipase  activity  in  the  cardiomuscular  tissue  of  Intact  animals 
is  low.  Pine  PbS  granules  mainly  appear  around  the  periphery  of  the 
nuclei.  In  the  cytoplasm  of  the  muscle  fibers  single  grains  are  en- 
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Pig.  5*  Cardiomuscular  fibers  of  a  rat  after  injection  of  y-radio- 
mimetic.  "Twin”  reaction  for  lipase.  Intensely  positive  reaction  is 
seen  in  the  capillaries.  Magnification  7  *  90. 


GRAPHIC  NOT 
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Pig.  6.  Lipase  reaction  in  ery¬ 
throcytes  of  myocardial  capillar¬ 
ies  (marked  with  arrow)  after  in¬ 
jection  of  y-radiomimetlc.  Magni¬ 
fication  7  *  90. 


|  countered,  and  in  the  endothelium  of  the  capillaries  enzyme  ac- 

tivity  is  somewhat  higher.  Lipase  is  also  encountered  around  the 
t'  periphery  of  the  erythrocytes,  whereas  in  the  deep  sections  of 

I  the  erythrocytes  enzyme  activity  is  not  found. 

After  irradiation  with  y-rays  lipase  activity  increases  in  the  / 
|  muscle  nuclei  and  in  the  cytoplasm.  The  content  of  granules  in  the 

endothelium  of  the  vessels  also  increases  considerably.  The  erythro¬ 
cytes  become  clogged  with  granules.  Lipase  activity  also  increases 
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after  neutron  irradiation. 

The  injection  of  y-  and  neutron  radiomlmetics  leads  to  intensi¬ 
fication  of  lipase  activity,  especially  in  the  nuclei  of  the  myocar¬ 
dium,  capillary  endothelium  and  erythrocytes  (Pigs.  5  and  6). 

The  mitochondria  in  the  cardiac  muscle  of  normal  rats  are 
arranged  in  regular  chains  along  the  myofibrillae  and  have  an  ob¬ 
long  oval  shape. 

After  y-ray  irradiation  many  mitochondria  begin  to  swell  and 
fuse  with  each  other,  forming  long  strands,  frequently  not  separated 
into  individual  mitochondria  or  with  a  barely  noticeable  separation. 

After  injection  of  y-  and  neutron  r&diomimetics  the  mitochon¬ 
dria  also  frequently  swell  and  fuse  into  long  strands.  In  some  mus¬ 
cle  fibers  the  mitochondria  are  not  found.  Sometimes  they  are  dif¬ 
ficult  to  distinguish  from  rows  of  "coagulating”  A-dlsks  of  the 
myofibrillae  which*  in  deforming,  take  the  shape  of  densely  stained 
granules . 

Neutral  fat  is  not  encountered  in  normal  cardlomuscular  tissue 
(droplets  of  it  can  be  seen  only  in  the  fat  cells  of  the  connective 
tissue  layers).  After  the  action  of  radiation  and  radiomlmetics 
fine  fat  droplets  located  chiefly  in  the  zohe  around  the  nucleus 
sometimes  appear  in  the  muscle  fibers. 

01s  cuss  Ion  of  result*.  The  data  obtained  indicate  that  from 
the  effect  of  radiation  and  lipid  RT  very  similar  morphological 
and  histochemical  changes  occur  in  the  organs  studied.  -  ' 

In  liver.  Intestinal,  kidney  and  myocardial  tissues  dystrophic 
and  necrotic  changes,  focal  hemorrhages,  polyemia  in  some  sections 
and  anemia  in  others  are  observed. 

It  was  possible  to  show  by  histochemical  methods  that  in  all 
organs  dystrophic  changes  are  accompanied  by  an  increase  in  the 
basophilia  of  the  cytoplasm,  and  in  some  cases  of  the  nucleoli  of 
various  cells. 

These  data,  however,  do  not  agree  with  the  results  of  the  in¬ 
vestigations  of  some  authors  [3*0  who  noted  a  decrease  in  the  RNA 
content  of  tissues  after  irradiation  with  y-rays.  Evidently,  during 
the  development  of  radiation  sickness  the  nucleic  acid  content  of 
the  tissues  changes,  and  following  a  certain  increase  cnaracteristlc 
of  a  state  of  paranecrosis,  a  decrease  in  the  RNA  coritent  of  the 
cell  occurs.  In  segments  with  necrosis  less  basophilia  of  the  cy¬ 
toplasm  can  actually  be  seen.  However,  it  has  not  been  excluded  that 
the  increase  in  the  basophilia  of  the  cytoplasm  in  this  work  from 
irradiation  and  the  effect  of  lipid  RT  reflects  not  so  much  an  in¬ 
crease  in  RNA  content  as  an  increase  in  the  number  of  phosphate 
groups  released  during  disintegration  of  RNA,  -  proteides.  The  work 
of  Tsanev  [35]  who  studied  phosphate  group  and  pentose  content  by 
biochemical  and  cytochemical  methods  in  the  connective  tissue  after 
injury  speaks  of  such  a  possibility.  Tsanev  showed  that  intensified 
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production  of  phosphate  groups  causing  an  increased  basophilia  of  the 
cytoplasm  occurs  after  injury  of  the  connective  tissue  by  strong 
pressure . 

Both  from  irradiation  and  from  the  effect  of  RT  an  increase 
in  lipase  activity  was  observed.  This  was  shown  by  both  cytochemical 
and  biochemical  methods.  The  only  method  of  demonstrating  lipase 
("twin”)  used  in  cytochemistry  perhaps  does  not  reflect  very  accur¬ 
ately  the  intravital  location  of  the  enzyme.  Many  histochemical 
reactions  for  enzymes  suffer  from  this  shortcoming,  in  which  the 
intermediate  or  final  reaction  product  can  diffuse  into  the  cell, 
being  absorbed  secondarily  on  a  number  of  its  structures. 

It  has  been  determined  by  biochemical  methods  that  lipase  in 
cells  of  the  pancreas  is  localized  in  the  secretory  granules,  and 
in  the  liver  in  the  mitochondria  [36].  It  is  still  not  clear  whether 
lipases  are  located  in  the  nuclei. 

Although  the  incubation  period  (4  hrs)  was  shortened  in  the 
present  work  and  a  rapidly  penetrating  substrate  was  used,  and 
insoluble  calcium  soaps  were  also  obtained  as  a  result  of  the  reac¬ 
tion,  that  is,  conditions  for  retaining  the  intravital  location  of 
the  enzyme  were  observed,  the  authors  are  not  completely  satisfied 
that  lipase  is  actually  located  in  the  nuclei.  If  this  were  con¬ 
firmed,  it  would  be  one  more  demonstration  of  the  severe  vulner¬ 
ability  of  the  nuclei  and  of  a  change  in  their  metabolism  from 
radiation  and  the  injection  of  RT.  Further  development  of  the  meth¬ 
od  and  a  study  of  lipase  in  various  cell  fractions  are  necessary. 

Hovjever,  in  order  to  demonstrate  that  diffusion  of  the  final 
product  is  not  great,  the  fact  that  in  endothelial  cells  and  plas¬ 
matic  cells  lipase  is  always  found  in  the  cytoplasm  of  intact  and 
experimental  animals,  while  in  the  epithelium  of  the  intestines  and 
kidneys  the  enzyme  appears  primarily  in  the  nuclei  can  be  cited. 

It  is  doubtful  that  the  conditions  for  diffusion  here  are  so  dif¬ 
ferent  that  such  a  difference  in  their  location  is  always  obtained. 

While  one  can  argue  about  the  si^e  of  the  enzyme’s  location, 
the  fact  of  intensification  of  lipase  activity  seems  undoubted  and 
indicates  considerable  changes  in  lipid  metabolism  both  due  to  ir¬ 
radiation  and  to  the  injection  of  lipid  RT.  It  is  interesting  to 
note  that  lipase  activity  increases  considerably  in  the  endothelium 
of  the  capillaries  and  the  erythrocytes  which  perhaps  is  one  of  the 
reasons  for  a  change  in  their  penetrability  and  increased  vulner¬ 
ability. 

The  accumulation  of  neutral  fat  in  the  cells  was  also  one  of 
the  manifestations  of  disturbances  in  lipid  metabolism  in  the 
preparations  in  the  given  experiments. 

The  importance  of  the  lipids  in  the  formation  of  submicroscopic 
membrane  structures  of  the  cell  is  well  known.  Under  the  influence 
of  radiation,  protein-lipid  compounds  of  the  membrane  can  disinte¬ 
grate  [37].  A  disturbance  in  lipid  metabolism  can  thus  cause  con¬ 
siderable  changes  in  cell  structure.  The  considerable  changes  In 
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the  structure  of  the  nuclei,  cytoplasm,  mitochondria  and  fibrillar 
formations  which  were  noted  in  the  present  work  can  serve  as  indi¬ 
rect  proof  of  disturbances  in  lipid  metabolism.  The  mitochondria 
which  draw  fatty  acid  oxidation  products  into  the  Krebs  cycle  are 
connected  to  &  certain  degree  with  lipid  metabolism. 

The  possibility  of  the  participation  of  the  mitochondrial 
lipids  in  the  mechanism  which  provides  for  linking  of  electron  trans¬ 
fer  in  the  respiratory  chain  with  ATP  synthesis,  has  also  not  been 
excluded.  As  is  known,  it  is  precisely  the  structure  of  the  mito¬ 
chondria  with  distribution  of  certain  enzyme  complexes  on  the  outer 
and  inner  membranes  which  provides  for  the  fulfillment  of  the  prin¬ 
cipal  function  of  the  mitochondria  -  ATP  production.  Damage  to  the 
structure  of  the  mitochondria  must  invariably  cause  a  disturbance 
in  their  functions. 

In  all  the  tissues  studied  both  from  radiation  and  from  the 
injection  of  RT,  structural  changes  in  the  mitochondria  and  their 
conglomeration,  swelling  or  even  disappearance  in  the  injured  cells 
were  observed.  It  is  evident  that  these  changes  disturb  the  func¬ 
tions  of  the  mitochondria. 

Thus ,  there  is  a  very  great  similarity  in  the  cytoiogical  and 
cytochemical  changes  in  cells  from  the  effect  of  y-ray  and  neutron 
irradiation  and  the  injection  of  lipid  RT. 

Some  differences  in  macroscopic  changes  after  the  injection 
of  lipid  RT  are  observed  in  comparison  with  the  effect  of  radiation. 
The  formation  of  commissures  between  organs  occurs;  a  fatty  deposit 
on  the  surface  of  organs  is  observed.  Such  a  reaction  is  character¬ 
istic  of  intraperit'oneal  injections  of  other  fatty  products. 

Microscopic  differences  between  these  two  effects  are  mani¬ 
fested  in  some  revival  of  the  connective  tissue  and  especially  in 
an  increase  in  the  number  of  plasmatic  cells  in  response  to  the 
injection  of  lipid  RT.  After  the  effect  of  radiation  the  answering 
inflammatory  changes  in  the  tissues  are  weakly  expressed.  The  num¬ 
ber  of  plasmatic  cells,  with  whose  activity  antibody  production  is 
connected,  can  Increase  in  the  early  periods  after  irradiation  [30] 
but  later  decreases. 

The  traumatizing  effect  of  lipid  RT  on  mitosis  is  less  sharply 
expressed. 

It  should  be  noted  that  in  investigations  on  the  effect  of 
oxidized  oleic  acid  (artificial  radiomimetic)  on  the  cytology  and 
histochemistry  of  a  number  of  rat  organs  which  were  carried  out 
earlier  [30],  very  similar  results  were  obtained  from  the  effect 
of  this  substance  and  natural  lipid  RT. 

So,  in  nature  of  action  on  cells  lipid  RT  have  a  very  great 
similarity  with  y-ray  and  nautron  Irradiation. 
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FOOTNOTES 


177  *ln  previously  conducted  investigations  we  established  that 
in  later  periods  after  irradiation  (on  the  12th-17th  day 
after  y-ray  irradiation)  the  nuaber  of  plaaaatTe  cells  de- 

ereases. 
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THE  CYTOGENETIC  EFFECT  OF  LIPID  RADIOTOXINS 

N.G.  Labzlna,  Yu. 8.  Kudryashov  and  N.V.  Luchnlk 

(Department  of  Biophysics,  Moscow  State  University  and  USSR  Academy  of 
Medical  Sciences  Institute  of  Radiology) 

The  development  of  structural  changes  In  the  chromosomes  Is  one 
of  the  specific  cell  reactions  to  irradiation  [1],  It  is  clear  from 
the  literature  on  radiation  genetics  that  the  observed  chromosomal 
aberrations  are  not  the  direct  result  of  irradiation.  Reversible 
potential  defects  whose  fate  is  affected  by  various  factors  develop 
first  [2,  3].  A  number  of  substances,  used  not  only  before  irradia¬ 
tion,  but  also  after  it,  is  capable  of  modifying  the  effect  of 
irradiation.  Such  substances  as  adenosine  triphosphate,  alanine, 
cysteine  and  others,  used  after  Irradiation,  decrease  the  percen¬ 
tage  of  affected  cells  [3-6].  Ethylenedi amine  tetraacetate,  on  the 
other  hand,  intensifies  the  lesion  [7].  It  has  been  established 
that  these  substances  affect  potential  defects,  promoting  the  re¬ 
covery  of  normal  functions  or  turning  hidden  defects  into  visible 
ones  [6], 

It  has  been  shown  in  the  work  of  a  number  of  authors  [8,  9] 
that  toxic  lipids  called  natural  radiomimetic  [NR](EP)  because  of 
their  capacity  when  injected  into  healthy  unirradiated  animals  of 
causing  a  picture  'similar  to  that  of  radiation  sickness  (death  of 
the  animals,  change  in  protein  autolysis,  hemolysis  of  Intact  ery- 
throcytcc,  inhibition  of  mitosis,  etc.)  develop  in  the  organism  of 
irradiated  animals.  MR  and  oxidised  oleic  acid  [OQA](OOK)  which 
simulates  the  effect  of  NR,  caused  chromouomal  aberrations  in 
Ehrlich's  ascites  carcinoma  cells  [91  This  fact  deserves  special 
examination  since  NR  is  a  substance  which  forms  in  an  irradiated 
organism  to  a  greater  degree  than  in  an  unirradiated  organlsr.  The 
amount  after  irradiation  increases  with  time  [10].  It  has  remained 
unclear  whether  NR  acta  direotly  on  the  cell's  genetic  material, 
causing  aberrations,  or  promotes  manifestation  of  the  already  pre¬ 
sent  hidden  defects.  (There  is  always  a  high  percentage  of  spontan¬ 
eous  aberrations  in  Ehrlich's  ascites  carcinoma  cells.)  The  pur¬ 
pose  of  the  present  work  was  to  answer  this  question. 

OOA,  prepared  in  the  form  o>f  an  emulsion  (0.5  ml  of  OOA  in 
100  ml  of  distilled  water),  was  used  as  the  NK  model. 

The  experiments  were  performed  on  Ehrlich's  ascites  carcinoma 


cells  and  on  loach  (Mlsgurnus  fossil^)  ovum  cells. 

The  ascites  cancer  cells  were  subjected  to  the  action  of  00A 
In  different  concentrations  for  30  min  with  constant  mixing.  The 
mixture  was  Injected  intraperitoneally  Into  unbred  white  mice  In 
an  amount  of  0.5  mg  per  animal.  The  irradiation  was  carried  out  in 
GUT-Co-AOQ  equipment  in  doses  of  from  50  to  1000  r  at  a  dose  rate 
of 100  r/mln.  The  preparations  were  stained  with  methylene  blue. 
Chromosomal  aberrations  were  counted  in  the  first  fission  after  in¬ 
jection  of  the  ascites,  21-22  hrs  after  injection  of  the  cells. 

Experiments  with  normal  cells  were  performed  on  artificially 
fertilized  loach  ova,  developing  at  a  temperature  of  12.5°.  The 
developmental  stage  was  determined  according  to  a  system  worked  out 
by  Neyfakh  [11].  The  conditions  of  treating  the  ova  were  the  same 
as  in  the  experiments  with  Ehrlich's  ascites  carcinoma  cells.  The 
material  was  stained  with  acetocarmine;  the  chromosomal  abnormal¬ 
ities  were  counted  in  the  anaphases  and  telophases  in  the  first 
fission  after  the  treatment.  The  total  percentage  of  cells  with 
chromosomal  aberrations,  the  number  of  cells  with  fragments  and 
the  total  number  of  fragments  were  taken  into  account  in  analyzing 
the  defects.  The  average  number  of  fragments  per  cell  with  fragments 
was  computed  on  the  basis  of  these  data,  which  served  as  a  quanti¬ 
tative  evaluation  of  the  number  of  initially  affected  cells  accord¬ 
ing  to  a  method  suggested  by  one  of  the  authors  [12]. 

The  effect  of  Irradiation  and  OOA  on  Ehrlich's  ascites  car¬ 
cinoma  calls.  As  seen  from  the  figure  (see  graohs  a  and  b),  00A, 
like  Y-raya,  considerably  increases  the  percentage'of  chromosomal 
aberrations.  But  there  is  a  definite  difference  between  the  effects 
of  both  factors.  OOA  Increases  chromosomal  aberrations  approximate¬ 
ly  to  AO 1,  and  at  all  concentrations  except  1;16,  the  number  of  in¬ 
jured  cells  remains  at  the  same  level.  Prom  the  effect  of  y-r&ys, 
chromosomal  aberrations  continually  increase  with  the  dose,  reach¬ 
ing  8of  at  1000  r.  The  pattern  obtained  from  the  effect  of  OOA 
might  be  explained  either  by  poor  penetrability  of  this  aubutance 
for  the  cell  or  by  the  feet  that  OOA  does  not  act  directly  on  the 
chromosomes,  but  brings  out  already  present  hidden  defects  in  the 
chromosomes  of  the  cancer  cells. 

A  further  enalysls  of  the  defects  showed  that  the  number  of 
fragments  per  cell  with  fragments  from  the  effect  of  OOA  not  only 
does  not  increase  with  an  increase  in  the  latter's  concentration, 
but  remains  at  the  seme  level  as  In  the  control  (Table  1). 

These  results  speak  In  favor  of  the  fact  that  OOA  acts  only 
as  a  developer  of  hidden  defects,  since  in  the  opposite  case  the 
Increase  in  the  totel  defect  rate  should  hive  been  accompanied  by 
an  lnoreaee  in  the  degree  of  defectiveness  of  individual  cells 
Cl,  2]  which  occurs  In  the  case  of  irradiation. 

The  results  of  calculating  the  percentage  of  initially  in¬ 
jured  cells  are  alto  depicted  in  the  figure  (see  graph  b)  and  con¬ 
firm  the  conclusion  which  was  drawn. 
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TABLE  1 


Number  of  Fragments  per  Cell  with  Fragments 
in  Experiments  with  Ehrlich's  Ascites  Car¬ 
cinoma 
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1)  Type  of  exp.;  2)  00A  concentration  and  irradiation  dose;  3) 
number  of  fragments;  4)  control;  5)  OOA;  6)  irradiation;  7)  irrad¬ 
iation  ♦  OOA;  8)  OOA  +  irradiation;  9)  r. 


The  effect  of  OOA  on  normal  loach  ova  cells.  It  is  seen  from 
preliminary  data  obtained  an  experiments  with  loach  ova  (see  graph 
c)  that  with  an  increase  in  OOA  concentration  the  effect,  if  it  is 
increased  in  comparison  with  the  control,  is  only  very  slight  and 
remains  at  the  same  level  at  all  concentrations.  The  1:1  concentra¬ 
tion  which  proved  toxic  for  the  ova  is  an  exception.  At  this  con¬ 
centration  the  number  of  dividing  cells  decreases  sharply,  the 
chromosomes  lose  their  usual  appearance  and  fuse  with  each  other, 
forming  a  shapeless  mass.  The  bridges  stick  together,  forming 
thick  strands  between  two  groups  of  chromosomes.  Chromosomes  which 
have  been  left  behind  oriented  in  the  direction  of  the  fission 
spindle,  are  often  observed.  Similar  phenomena  (multiple  stuck  to¬ 
gether  bridges  and  residual  chromosomes)  are  described  in  Fankovs's 
work  [133  on  loach  ova  at  a  dose  of  1000  r  which  onuses  the  death 
of  901  of  the  embryos  and  deformities  in  the  rest.  The  absence  of 
an  increase  in  the  cytog«hetic  effect  on  loach  ova  with  an  in¬ 
crease  In  OOA  concentration  up  to  the  toxic  concentration  testi¬ 
fies  in  favor  cf  the  fact  that  00A  evidently  does  not  act  on  nor¬ 
mal  chromosomes  and  the  effect  obtained  on  cancer  cells  is  con¬ 
nected  with  the  development  of  hidden  defects  which  existed  in  the 
ceils  before  the  action  of  OOA. 

4o1nt  effect  of  00A  and  y*ray  irradiation,  for  a  further  analy 
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Effect  of  y-ray  irradiation  (graph  a)  and  oxidized  oleic  acid 
(graph  b)  on  Ehrlich’s  ascites  carcinoma  cells  and  the  change  in 
the  number  of  defective  anaphases  in  loach  ova  from  the  effect  of 
oxidized  oleic  acid  (graph  c).  1)  Defective  anaphases;  2)  initial¬ 
ly  damaged  cells.  '* 


sis  of  the  cytogenetic  effect  of  OOA  experiments  were  conducted  on 
the  Joint  effect  of  this  substance  and  y-r&ys.  A  constant  irradia¬ 
tion  dose  of  *100  r  which  causes  defects  in  approximately  half  of 
the  cells  and  varying  OOA  concentrations  were  used  in  these  experi¬ 
ments.  The  oxidized  ol^ic  acid  was  used  either  immediately  before 
irradiation  or  immediately  after.  The  results  of  the  experiments  are 
presented  in  Table  2. 

As  seen  from  this  table,  from  the  action  of  OOA  against  a  back¬ 
ground  of  irradiation,  the  effect  increases  at  first,  but,  begin¬ 
ning  with  a  concentration  of  1:16,  remains  at  approximately  the 
same  level.  The  picture  is  similar  to  that  which  is  observed  from 
the  effect  of  OOA  alone,  with  the  sole  difference  that  from  the 
Joint  effect  of  OOA  and  y-rays  the  percentage  of  defective  ana¬ 
phases  is  correspondingly  higher  .  With  the  reverse  order  of  the 
interaction  (OOA  +  irradiation)  the  effect  gradually  increases, 
reaohing  almost  100J(  at  the  highest  concentration  (1:1). 
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To  analyse  the  data  obtained,  we  calculated  what  effect  should 
be  expected  if  irradiation  and  00A  act  Independently  and  if  a  simple 
addition  of  their  effects  is  observed.  These  expected  values  are 
also  presented  in  Table  2,  from  which  it  is  seen  that  the  use  of  00A 
after  irradiation  gave  results  which  correspond  to  the  expected, 
whereas  its  use  before  irradiation  caused  (at  high  concentrations) 
a  considerably  greater  effect.  The  results  of  a  statistical  treat¬ 
ment  are  presented  in  the  same  table  and  confirm  this  conclusion.  _ 

TABLE  2 

Percentage  of  Abnormal  Anaphases  in  Ehrlich’s 
Ascites  Carcinoma  dells  from  the  Joint  Action 
of  00A  and  Y-irradiatlon 
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1)  OOA  concentration;  2)  type  of  exp.;  3)  400  r  +  OOA;  4)  00A  + 

400  r;  5)  expected  values  for  additive  effect  of  both  factors;  6) 
comparison  of  individual  experimental  points  with  theoretically  ex¬ 
pected  points;  7)  comparison  of  experimental  curves  with  theoreti¬ 
cally  calculated  curve. 


Thus,  OOA  when  used  after  irradiation  does  not  interact  with 
the  effect  of  radiation  and  when  used  before  irradiation  causes  a 
considerable  intensification  of  the  effect. 

The  data  obtained  make  it  possible  to  consider  that  OOA  pres¬ 
ent  in  the  cell  at  the  moment  of  irradiation  takes  some  part  in 
the  initial  reactions  caused  by  irradiation.  Based  on  the  data 
obtained  above  relative  to  OOA' s  properties  as  a  developer  of  po¬ 
tential  defects,  it  can  be  assumed  that  OOA  affects  only  part 
of  the  initial  injuries  oaused  by  irradiation  or  affects  only 
the  early  links  of  the  chain  of  radiobiological  reactions. 

Conclusions.  It  can  be  stated  on  the  basis  of  the  experi¬ 
ments  which  have  been  conducted  that  OOA,  in  oausing  chromosomal 
aberrations  in  canoer  oells,  is  a  developer  of  hidden  spontaneous 
defects  existing  in  the  chromosomes  of  these  cells. 
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OCA  does  not  have  an  effect  on  uninjured  chromosomes  of  nor¬ 
mal  cells.  If  it  is  in  the  cell  at  the  time  of  irradiation,  00A 
takes  part  in  the  Initial  reactions  of  radiation  injury. 
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THE  TOXIC  EFFECT  OF  WATER-SOLUBLE  OXIDATION  PRODUCTS  OF  IRRADIATED 

LINOLENIC  ACID 

A.S.  Mochallna 

Active  intermediate  radiation-chemical  oxidation  products  (perox¬ 
ides,  organic  peroxides,  o-quinones ,  oxidation  products  of  unsaturat^d 
fatty  acids,  aldehydes,  etc.)  can  arise  in  a  cell  from  the  effect  of 
irradiation.  The  high  biological  effectiveness  of  these  compounds  is 
known  from  their  toxic,  mutagenic  and  antimitotic  activity  [1-15]. 

Among  the  work  which  has  been  conducted  in  this  direction,  in- 
dividual  studies  of  the  biological  effect  of  aqueous  extracts  of 
oxidized  lipids  are  of  considerable  interest. 

It  has  been  shown  that  water-soluble  oxidation  products  of  leci¬ 
thin,  and  methyl  linolenate  inhibit  Rous  sarcoma  viruses  [9],  inhibit 
respiration  and  glycolytic  activity  of  Ehrlich’s  ascites  carcinoma 
cells  [10],  cause  abnormal  development  of  fertilized  sea  urchin  and 
annelid  eggs  [11]  and  inhibit  the  division  of  yeast  cells  [14]. 

The  intraperitoneal  injection  of  mice  with  aqueous  extracts  of 
oxidized  linolenic  acid  leads  to  the  death  of  occasional  individuals 
in  the  first  4  days.  In  the  animals  which  survive  falling  out  of  the 
hair  close  to  the  injection  site  and  destructive  changes  in  the  liver 
are  observed  [15]. 

In  the  civen  studies  the  aqu*-i  us  extracts  were  obtai-ie'’  fr«m 
lipids  oxidized  by  ultraviolet  rays.  In  this  case  it  was  established 
that  the  water-soluble  oxidation  products  interact  with  thiobarbituric 
acid  [TBA](T6K)  with  the  production  of  a  :-ed  pigment.  The  nature  of 
the  substances  responsible  for  the  above- indicated  oiological  ef¬ 
fects  still  remains  unexplained.  There  are  only  assumptions  about  the 
present „  of  unsaturated  carbonyl  compounds  and  peroxides  in  the 
aqueous  extracts  [14-16]. 

At  the  present  time  there  is  no  information  in  the  literature 
concerning  investigations  directed  toward  a  study  of  water-soluble 
T3A-po8itive  lipid  oxidation  products  from  the  effect  of  ionizing 
radiation.  At  the  same  time,  they  may  have  an  essential  role  in  the 
radiobiological  effect. 

In  connection  with  this,  the  purpose  of  the  present  investiga¬ 
tion  was  to  demonstrate  with  the  help  of  TBA  the  production  of  water- 
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soluble  oxidation  products  after  irradiation  of  imsaturated  fatty 
acids  [UPA](HXK)  and  to  study  their  biological  effect. 

Linolenic  acid  [LA] (UK) , 1  which  has  three  double  bonds  in  its 
molecule,  was  selected  for  these  experiments > 

An  0.52  alcoholic  -.solution,  of  LA  was  prepared  from  962  ethyl 
alcohol  for*  the  experiments. 

An  original  method  of  oxidizing.  LA,  absorbed  on  a  large  surface, 
was  used  in  this  work.  (We  had  already  used  this  method  in  previous 
work  on  a  study  of  the  kinetics  of  the  production  and  accumulation 
of  water-soluble  products  of  LA  autooxidation  in  the  presence  of 
oxygen  from  the  air.) 

For  this  purpose  0.6  ml  of  an  0.5?  alcoholic  LA  solution  was 
deposited  on  large-pored  filter  paper  (diameter  9  cm)  and  after 
evaporation  of  the  alcohol  (in  5  min)  the  filter  paper  with  the  ad¬ 
sorbed  LA  was  subjected  to  irradiation  with  Co60  y-rays  in  the  pres¬ 
ence  of  atmospheric  oxygen.  Two  series  of  investigations  were  carried 
out:  in  the  first  series  LA  was  irradiated  in  doses  of  from  1  to  5 
kr  at  a  dose  rate  of  190  r/min  (EGO-2  equipment);  in  rhe  second  —  in 
doses  of  from  10  to  100  kr  at  a  dose  rate  of  10  kr/min  (EGO-4  equip¬ 
ment).  The  filter  papers  with  the  applied  LA  were  irradiated  in  Petri 
dishes.  The  experiments  were  carried  out  in  the  cold  to  inhibit  auto- 
oxidaticn.  Filter  papers  with  LA,  kept  under  the  same  conditions, 
but  without  irradiation  served  as  the  control... 

Immediately  after  irradiation  the  oxidized  LA  products  which 
formed  were  washed  off  with  physiological  solution  (0.15  M,  pH  6.3). 
For  this  purpose  the  filter  paper  was  submerged  in  5  ml  of  physio¬ 
logical  solution  and  eluted  for  5  min.  This  led  to  almost  complete 
washing  off  of  the  oxidized  LA  products.  The  eluates  obtained  were 
completely  transparent  solutions.  TBA  was  used  to  demonstrate  oxi¬ 
dation  products  in  them. 

It  is  known  from  the  literature  that  the  reaction  of  TBA  with 
oxidation  products  of  polyunsaturated  fatty  acids  is  extremely  sen¬ 
sitive.  For  example,  0.2  microgram  of  oxidation  products  in  1  ml  of 
LA  can  be  determined  colorimetrically  [the  intensity  of  the  color 
^maks (532  my)  -  0.1]  [17,  18], 

After  pouring  together  2  ml  of  eluate  and  different  volumes 
of  an  0,6%  aqueous  TBA  solution  and  subsequent  heating  in  a  boiling 
water  bath  for  15  min,  colored  solutions  were  obtained.  The  optical 
density  of  these  solutions  was  measured  on  an  FEKN-57  apparatus  us¬ 
ing  two  light  filters:  green  (532  my)  and  blue  (455  my).  The  absorp¬ 
tion  spectra  in  the  visible  region  were  recorded  on  a  recording  SK~ 

2M  spectrophotometer. 

Tne  colored  solution  possessed  a  characteristic £  well  reprod¬ 
ucible  absorption  spectrum  in  the  regions  of  532  and  455  my.  The 
band  with  X  «  532  my  is  the  most  intensive,  whereas  X  ■  455  my  is 
less  intense  and  more  diffuse.  The  intensity  of  the  solution’s  rose 
odor  is  directly  related  to  the  total  dose  of  Y’-irradiation.  The 
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yield  of  LA  oxidation  products  responsible  for  the  bands  both  at 
532  mu  and  at  **55  my  increases  with  an  Increase  in  the  dose.  At 
the  same  time  the  dose  rate  of  the  irradiation  plays  an  important 
role  in  the  production  df  TBA-active  oxidation  products.  For  exam¬ 
ple,  in  experiments  wit n  a  dose  rate  of  10  kr/min,  the  appearance 
of  these  products  in  LA  irradiated  with  10  kr  was  not  found.  Ir¬ 
radiation  of  the  filter  paper  containing  LA  in  a  dose  of  20  kr 
led  to  the  formation  of  TBA-positive  oxidation  products,  close  in 
optical  density  value  to  a  dose  of  5  kr  at  a  dose  rate  of  190  r/min. 
These  experiments  show  that  the  time  factor  is  an  important  condi¬ 
tion  for  the  production  and  accumulation  of  LA  oxidation  products. 

It  should  be  noted  that  a  two-fold  increase  or  decrease  in  the 
LA  concentration  leads  accordingly  to  greater  or  lesser  production 
of  TBA-positive  oxidation  products  as  a  result  of  the  direct  action 
of  ionising  radiation  on  LA  molecules. 

The  measurement  of  peroxide  numbers  by  icdometric  titration 
was  carried  out  at  the  same  time  in  the  eluates  obtained.  An  in¬ 
crease  in  peroxide  numbers  in  accordance  with  an  increase  in  the 
irradiation  dose  was  noted. 

In  order  to  characterize  the  oxidation  products  formed,  experi¬ 
ments  on  their  resistance  to  various  temperature  conditions  were 
carried  out.  The  following  experiments  were  set  up  for  this  pur¬ 
pose:  eluates  in  sealed  ampules  were  heated  for  60  min  in  a  boiling 
water  bath  and  then  the  TBA  reaction  was  carried  out.  The  result? 
obtained  showed  that  such  treatment  leads  to  a  5-fold  decrease  in 
the  substances  responsible  for  the  532  mu  band  and  to  a  two-fold 
decrease  in  substances  responsible  for  the  455  mu  band  in  compari¬ 
son  with  freshly  prepared  eluates. 

In  this  case  the  peroxide  numbers  decrease  significantly. 

A  slower  destruction  of  these  compounds  ir.  the  solution  is  ob¬ 
served  when  the  eluates  are  stored  in  the  refrigerator  at  a  tempera¬ 
ture  of  2°.  AKer  24  hrs,  the  intensity  of  the  color  Pmaks  C 532  mu) 
decreases  2-fold  and  remains  for  a  long  time  at  this  level.  The  de¬ 
crease  in  the  J?maks  (**55  mu)  under  these  conditions  is  slight.  The 
results  obtained  may  indicate  that  the  532  and  455  mu  bands  are 
responsible  for  the  production  of  various  LA  oxidation  products 
after  irradiation  in  the  presence  of  atmospheric  oxygen. 

The  importance  of  products  of  the  radiation-chemical  oxidation 
of  UFA  in  the  development  of  radiation  injury  made  it  necessary  to 
explain  the  biological  effect  of  the  above-described  water-soluble 
TBA-positive  LA  oxidation  products.  For  this  purpose  the  effect  cf 
the  eluates  on  erythrocytes  and  the  infusoria  Paramecium  oaudatum 
was  investigated. 

Mouse  erythrocytes  in  a  volume  of  0.005  ml  were  added  to  1  ml 
of  eluate  and  incubated  for  30  min  at  a  temperature  of  38°.  After 
centrifugation  the  degree  of  hemolysis  was  determined  from  the  yield 
of  hemoglobin  on  an  PEKN-57  apparatus.  A  sample  containing  erythro¬ 
cytes  in  physiological  solution  served  »s  the  control. 
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The  results  obtained  showed  that  water  soluble  LA  oxidation 
products  have  a  hemolytic  effect.  Complete  hemolysis  occurs  from 
the  effect  of  eluates  obtained  by  irradiating  the  LA  in  doses  of 
5  kr  and  above  CDmaic8  (532  my)  >  0.1]. 

A  study  of  the  survival  and  rate  of  division  of  the  infusor¬ 
ia  was  carried  out  by  a  method  described  in  a  number  of  papers 
[19-22].  For  these  experiments  elution  of  the  oxidation  products 
was  carried  out  with  1/120  M  phosphate  buffer  with  a  pH  of  7.2. 

The  eluates  were  poured  into  holes  and  16  infusoria  ware  trans¬ 
ferred  into  them  for  60  min.  Paramecia  kept  under  the  same  condi¬ 
tions  simply  in  buffer  served  as  the  control.  After  60  min  each 
paramecium  was  transplanted  into  a  hole  with  fresh  nutrient  med¬ 
ium.  The  survival  and  rate  of  division  were  recorded  after  24  hrs. 

It  was  established  that  the  presence  in  the  medium  of  TBA- 
positive  LA  oxidation  products  irradiated  in  doses  of  2-3  kr 
causes  Inhibition  of  paramecium  division.  With  an  increase  in  the 
LA  irradiation  dose  the  toxic  effect  of  these  products  increases, 
manifested  in  large-scale  death  of  the  infusoria. 

Thus,  the  production  of  water-soluble  LA  oxidation  products 
and  their  high  biological  activity  gives  a  basis  for  studying  and 
evaluating  the  role  of  these  products  in  the  development  of  radia¬ 
tion  sickness. 

The  determination  of  the  chemical  nature  of  the  UFA  oxida¬ 
tion  products  and  the  conditions  of  their  production  is  an  essen¬ 
tial  link  in  these  studies. 

At  the  present  time  Individual  papers  on  this  subject  are 
being  published.  Among  the  most  important  is  the  work  of  Frankel 
et  a?..  [23,  24],  in  which  the  authors,  by  using  various  modern 
fractionation  methods,  isolated  from  autooxidized  LA  (at  a  tempera¬ 
ture  of  37°  in  an  oxygen  environment)  four  isomeric  hydroperoxides 
at  carbon  positions  9,  12,  13  and  16.  These  hydroperoxides  differed 
from  each  othe**  in  uhydical  and  chemical  properties.  The  hydroper¬ 
oxides  in  positions  0*  and  were  most  resistant  to  high  temper¬ 
ature  and  further  oxidation.  The  authors  [23,  24]  also  showed  that 
splitting  of  the  primary  hydroperoxides  leads  to  the  production 
of  monoaldehydes,  dialdehydes  and  hydroperoxide  aldehydes. 

Some  authors  point  to  the  great  similarity  of  the  reactions 
during  UFA  autooxidation  and  oxidation  under  the  influence  of  ion¬ 
ising  radiation  in  the  presence  of  atmospheric  oxygen  [25-27]. 

The  question  of  which  of  the  above- indicated  LA  oxidation 
products  are  responsible  for  the  development  of  the  color  in  the 
reaction  with  TBA  remains  definitely  unexplained.  The  notion  ex¬ 
ists  that  the  principal  TBA-reactant  la  a  water  soluble  tri carbon 
fragment,  identified  aa  a  malondialdehyde .  The  absorption  spectrum 
of  a  colored  solution  of  malondialdehyde  with  TBA  is  characterised 
by  one  band  in  the  region  of  532  my  [28-30],  However,  recent  in¬ 
vestigations  using  thin-film  and  gaa  chromatography  showed  the 
presence  of  various  TBA-active  substances  in  water  extracts  of  LA 
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oxidized  by  ultraviolet  rays  which  possess  high  biological  activity. 
It  has  been  suggested  that  these  are  unsaturated  carbonyl  compounds 
[14-16]. 

In  analyzing  the  literature  data  and  comparing  them  with  the 
results  of  our  own  investigations,  it  can  be  assumed  that  the  water- 
soluble  TBA-positive  substances  obtained  from  the  radiation-chemical 
oxidation  of  LA  are  clos^  to  the  conjectural  compounds  of  carbonyl 
nature . 

In  future  investigations  great  attention  must  be  paid  to  a  de¬ 
tailed  study  of  the  chemical  nature  of  identified  UFA  oxidation  prod¬ 
ucts  and  their  toxic  effect. 
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RATE  OF  ACCUMULATION  AND  INTERRELATION  OF  LIPID 
RADIOTOXINS  AND  QUINONES 

A.M.  Kuzin,  Yu.B.  Kudryashov,  N.Ye.  Lebedeva,  Z.Ya.  Isltbarzdys  and 

S.G.  81 1  us h 1 

{ Institute  of  Biophysics,  USSR  Academy  of  Sciences  and  Department  of 
Biophysics,  Moscow  State  University) 

The  toxic  radiation  effect  is  a  complex  process  in  which  a 
group  of  radiotoxins  [RT](PT)  which  are  formed  participate.  As  has 
been  established,  among  the  various  RT  lipid  RT  and  quinones  play 
a  leading  role  (see  this  collection,  pages  4  and  112). 

It  has  been  shown  that  lipid  RT  and  quinones  develop  after  ir¬ 
radiation  in  various  organs  and  tissues  of  plant  and  animal  organisms, 
as  well  as  in  single  cells  (see  this  collection,  page  4).  1 

In  connection  with  the  fact  that  lipid  RT  and  quinones  have 
much  similarity  in  acting  on  various  biological  specimens  and  sys¬ 
tems  (see  this  collection,  pagrs  4  and  112)  and  they  are  all  ex¬ 
tracted  by  lipid  solvents  (in  the  first  stage  of  treatment),  the 
question  arose  of  whether  the  effect  of  one  of  the  RT  referred  to 
is  due  to  the  presence  of  the  other  as  an  impurity  in  the  fraction 
under  Investigation. 

In  order  to  answer  this  question,  both  a  parallel  investiga¬ 
tion  of  the  rate  of  production  of  one  or  another  RT  and  a  careful 
study  of  the  fractions  isolated  containing  one  RT  in  the  presence 
of  another  were  undertaken  on  the  same  animals  in  the  present  work. 

The  work  was  carried  out  on  more  than  70  rabbits  weighing  2-3 
kg  and  400  white  male  rats  weighing  150-170  g.  The  animals  were 
irradiated  in  OUEE-SOO  equipment  in  a  dose  of  800  rad  at  a  dose 
rate  of  50  rad/mln.  There  was  one  total  irradiation. 

The  qulnone  preparations  were  obtained  from  the  livers  of 
irradiated  rabbits  (see  this  collection,  page  37),  as  well  as  by 
incubation  of  equal  amounts  of  tyrosine  and  tyrosinase  solutions 
st  s  temperature  of  30®  fer  30  min  according  to  a  previously  dev¬ 
eloped  method  (ate  page  53).  The  lipid  RT  preparations  and  their 
activity  were  obtained  and  determined  by  methods  developed  by  Yu. 

8.  Kudryashov  and  co-workers.* 
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Oxidized  oleic  acid  served  as  a  model  of  lipid  RT.  Oxidation 
was  carried  out  for  3  days  at  a  temperature  of  60°  in  a  current  of 
air.  The  oxidized  oleic  acid  was  injected  intraperitoneally  once 
in  an  amount  of  0.2  ml  of  the  preparation  per  rat. 

The  experimental  animals  were  killed  by  decapitation  at  dif¬ 
ferent  times  after  the  effect  (irradiation  or  injection  of  various 
preparations).  The  liver  was  removed  from  the  animals  and  the  quin- 
one  and  lipid  RT  content  determined.  Intact  animals,  kept  under 
conditions  similar  to  those  of  the  experimental  animals,  were  al¬ 
ways  used  as  the  control. 

Extraction  of  the  quinones  from  the  tissue  homogenate  was  car¬ 
ried  out  with  a  five-fold  volume  of  alcohol  (ethanol)  acidified  to 
pH  3.3  for  2  hrs  at  room  temperature.  Then  the  extract  was  filtered 
and  a  quantitative  determination  of  the  quinones  was  carried  out  in 
the  obtained  solution  by  two  methods:  polarography  and  spectrophoto¬ 
metry.  The  polarographic  determination  of  the  quinones  was  performed 
in  the  alcohol  solution  (filtrate)  at  =  -0.35  v  (background  - 
phosphate  buffer,  0.15  M,  pH  6.8)  on  LR-60  and  PA-2  polarographs 
according  to  a  method  developed  earlier.  For  the  spectrophotometric 
determination  the  quinones  from  15  ml  of  the  alcoholic  extract  were 
adsorbed  on  aluminum  hydroxide  at  pH  8. 2-8. 4.  The  aluminum  hydrox¬ 
ide  was  removed  by  centrifugation  and  washed  twice  with  alkalized 
water.  The  quinones  were  eluted  with  5  ml  of  0.04$  hydrochloric 
acid  for  1-2  min,  then  centrifuged  and  the  quinones  in  the  solution 
determined  at  pH  7.4  on  an  SF-4  spectrophotometer  at  a  wavelength 
of  255  my. 

The  rate  of  quinone  and  lipid  RT  accumulation  was  of  primary 
interest.  It  has  been  shown  In  the  work  of  Plyshevskaya  et  al. 

(see  this  collection,  page  37)  that  a  rapid  increase  in  the  quin¬ 
ones  occurs  in  rat  liver  in  the  first  4-8  hrs  after  irradiation  and 
then  there  is  a  further  rise  on  the  2nd  day .  The  rate  of  quinone 
accumulation  was  not  Investigated  further.  In  the  present  work  the 
rate  of  quinone  and  lipid  RT  accumulation  was  studied  In  the  livers 
of  rabbits  and  rats  irradiated  in  a  dose  of  800  rad  for  6  days.  The 
results  obtained  are  presented  ?n  the  table  and  in  Fig.  1. 

As  seen  from  the  data  presented,  in  experiments  on  rats,  fol¬ 
lowing  the  initial,  previously  indicated  (see  this  collection,  page 
37)  rise  in  quinone  content,  on  the  3rd-4th  day  the  content  drops 
sharply  with  a  subsequent  rise  on  the~5th"~<Iay .  The  nature  of  the 
curve  for  rabbits  is  the  same  .in  principle  with  a  certain  shift  in 
the  fluctuation  phases.  •• 

V 

The  curve  of  lipid  RT  accumulation,  whose  amount  in  rabbit 
livers  always  remained  above  the.  normal  level,  is  of  a  different 
nature.  The  different  courses;  of  the  curves  make  the  assumption 
that  the  activity  of  a  fraction  containing  one  of  the  toxins  is 
caused  by  contamination  by  another  unlikely.  In  fact,  by  using 
spectrophotometric  and  polarographic  methods,  it  was  possible  to 
show  in  the  present  work  that  the  lipid  RT-  preparations  studied 
do  not  contain  quinones.  As  seen  from  fig.  2,  the  absorption  maxi¬ 
mum  characteristic  of  quinones  is  not  found  in  the  range  of  the 
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Quinone  Content  (in  %  of  control)  in  Rat 
and  Rabbit  Livers  after  Irradiation  and 
After  Injection  of  Lipid  RT  (at  different 
times  after  the  effect  -  irradiation  or 
injection  of  lipid  RT;  control  100$) 
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T~~  pole  ’ographic;  II  —  spectrophotometric. 

1)  Subject  of  investigation;  2)  method  of  investigation1;  3)  hrs;  4) 
day;  5)  days;  6)  rats  (irradiated  in  a  dose  of  800  rad);  7)  rats 
(injection  of  lipid  RT);  8)  rabbits  (irradiated  in  a  dose  of  800  rad). 


Fig.  1.  Dynamics  of  change  in  quinone  content  and  lipid  RT  activity 
after  y-ray  irradiation  in  a  dose  of  800  rad.  1)  Quinone  content 
in  rat  livers;  2)  quinone  content  in  rabbit  livers;  3)  lipid  RT 
activity  in  rabbit  livers;  control  -  100#. 


absorption  spectra  of  lipid  RT,  The  absorption  maximum,  found  In 
lipid  RT  preparations  in  tho  region  of  310  my,  corresponds  to  the 
absorption  of  toxically  inactive  impurities  present  in  the  prepara¬ 
tions.  Thus,  the  quinones  and  lipid  RT  studied  are  individuals  and 
do  not  contain  toxically  active  impurities.  This  conclusion  was 
made  after  a  study  of  all  the  preparations  isolated  from  livers 
of  rats  and  rabbits  in  different  stages  of  radiation  sickness 
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Absorption  wavelength,  my 

Pig.  2.  Absorption  spectra.  1)  Quin¬ 
ones;  2)  lipid  RT  preparations. 


caused  by  different  doses  of  ionizing  radiation. 


The  data  obtained  indicate  that  in  spite  of  the  similarity 
(in  many  features)  in  the  biological  effect  of  quinones  and  lipid 
toxic  substances  (see  this  collection,  pages  4  *nd  112' 
are  capable  of  participating  independently  in  the 

the  toxic  radiation  effect:  the  quinones  -  in  the ^i^the'l^nid  RT 
and  in  the  period  of  expressed  clinical  changes,  and  the  l^pid  R 

throughout  the  entire  radiation  sickness. 


Pig.  3.  Change  in  quinone  content 
irradiation  in  a  dose  of  8oo  red; 
control  -  100*. 


in  rat  livers.  1)  After  y-ray 
2)  after  injection  of  lipid  RT; 


From  a  study  of  the  characteristics  of  the  b*  ological  effect 
of  both  RT,  the  question  of  the  interrelation  of  their  Production 
in  an  irradiated  organism  arises.  In  order  to  determine  this,  t 
poasibilities  of  the  appearance  of  toxic  quinones  after  the  in¬ 
jection  of  lipid  RT  (and  their  model  -  oxld.zed  oleic  ac~d)  in  an 

amount  of  0.2  ml  per  rat,  as  well  as  the  £he  *i?eis  of 

substances  after  injection  of  quinones  isolated  from  the  divers 
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irradiated  animals  (and  their  model  —  tyrosine  treated  with  tyro¬ 
sinase)  were  studied. 


The  experiments  which  were  conducted  indicate  that  lipid  RT 
injected  in  a  sufficient  amount  into  rats  cause  a  phase  change  in 
the  quinone  level  analogous  to  that  which  occurs  after  the  action 
of  ionizing  radiation  (Fig.  3). 

Thus,  a  radioir.imetic  effect  of  lipid  RT  is  found  from  the 
change  in  the  amount  of  quinones  in  animal  livers. 

The  injection  into  rats  of  quinones  isolated  from  liver  or 
formed  during  the  oxidation  of  tyrosine  treated; with  tyrosinase 
(even  in  amounts  causing  death)  did  not  cause  the  production  of 
toxic  lipid  substances.  .. 

These  data  do  not  contradict  the  conclusion  concerning  the 
independent  initial  production  of  the  toxic  substances  under  con¬ 
sideration.  It  is  doubtful  whether  it  is  possible  to  explain  the 
initial  rapid  increase  in  the  quinones  by  lipid  RT  alone,  whose 
concentration  on  the  first  day  is  still  insignificant.  Perhaps, 
the  secondary  rise  in  their  amount  is  largely  connected  with 
the  effect  oJT  lipid  RT.  Evidently  there  is  no  basis  for  assuming 
that  lipid  RT  are  formed  under  the  influence  of  the  quinones. 

The  investigation  which  has  been  carried  out,-  it  seems  to  the 
authors,  confirms  the  hypothesis  concerning  the  production  in  an 
irradiated  organism  of  several  toxic  substances,  and  the  different 
rates  of  tneir  accumulation  cause  the  complexity  and  many-faceted 
development  of  the  symptoms  of  radiation  sickness. 

The  following  conclusions  can  bn  drawn  from  the  results  ob¬ 
tained: 


1.  Quinone  and  lipid  RT  preparations  isolated  from  the  tissues 
of  irradiated  anima-L,:  do  not  contain  toxically  active  impurities. 

2.  Phase  variations  in  the  quinone  level  in  rat  and  rabbit 
livers  in  different  periods  of  acute  radiation  sickness  and  a  grad¬ 
ually  increasing  lipid  RT  level  are  found. 

3.  The  injection  of  lipid  RT  into  animals  causes  a  change  in 

the  quinone  level  in  the  liver  analogous  to  that  which  occurs  from  the 
effect  of  ionizing  radiation. 

The  injection  of  extracts  of  quinones  in  test  doses  :nto  ani¬ 
mals  did  not  cause  changes  in  the  level  of  the  toxic  lipid  substanoes. 
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THE  MECHANISM  OF  DAMAGE  TO  THE  SUPERFICIAL  ERYTHROCYTE  LAYER  BY 
UNIRRADIATED  AND  IRRADIATED  UNSATURATED  FATTY  ACIDS 


K.S .  Trlncher,  E.I.  Glntsburg,  I.K.  Kolomlytseva  and  L.V.  Orlova 


(Institute  of  Biophysics,  USSR  Academy  of  Sciences) 


The  theory  of  the  toxic  effect  of  penetrating  radiation  on  an 
organism,  as  is  known,  is  open  to  quantitative  substantiation.  Bacj 
and  Alexander  [1]  present  the  following  calculation:  if  a  radiotoxin 
[RT] (PT)  with  a  molecular  weight  of  1000  is  formed  with  an  ion  yield 
equal  to  one,  then  after  total  irradiation  in  a  dose  of  500  r,  50  mg 
of  RT  will  be  formed  in  the  human  organism.  This  amount,  with  uniform 
distribution  of  the  RT  in  the  irradiated_organism,  corresponds  tc  a 
toxin  concentration  of  the  order  of  1*10” 8  g/ml. 
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Fig.  1.  Dependence  of  damage  to  erythrocytes  from  the  blood  of  new* 
born  (curve  1)  and  adult  (curve  2)  rata  on  the  dose  of  y-irradia- 
tion. 


In  the  present  work  for  the  purpose  of  comparing  the  injurious 
effect  of  radiation  and  radiomime tics,  the  kinetics  of  the  damage 
to  erythrocytes  suspended  in  physiological  solution  was  investigated 
after  the  effect  of  radiation  and  unirradiated  and  irradiated  un¬ 
saturated  fatty  acids  which,  as  is  assumed,  have  radlomimetic  pro- 
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Pig.  2.  Dependence  of  Injury  of  rat  erythrocytes  on  concentration 
of  unsaturated  fatty  acids.  1)  Linoleic  acid;  2)  linolenic  acid; 
3)  oleic  acid. 


perties  [2],  The  injurious  effect  of  unsaturated  fatty  acids  on 
erythrocytes  was  investigated  at  those  concentrations  in  which  RT 
can  be  produced  in  an  irradiated  organism. 

Heparin-treated  fresh  rat  blood  was  diluted  with  physiological 
solution  in  a  proportion  of  1:100.  The  erythrocyte  suspension  thus 
obtained  was  subjected  to  y-irradlation  in  doses  of  10,  20,  30  and 
40  kr.  In  another  series  of  experiments  erythrocyte  suspensions 
were  incubated  for  1  hr  at  a  temperature  of  32.0  +  0.2°  with_un- 
saturated  fatty  acids  in  concentrations  from  1*10”6  to  18*10“6  g/ml. 
Since  unsaturated  fatty  acids  under  oxidation  conditions  have  radio- 
mimetic  properties  [2],  it  seemed  of  interest  to  compare  the  dose 
dependence  of  erythrocyte  injury  by  radiation  and  by  unsaturated 
fatty  acids.  The  effect  of  cell  Injury  was  investigated  by  a  photo- 
electrocolorimetric  method  which  we  developed:  the  change  in  opti¬ 
cal  density  of  the  erythrocyte  suspension  with  time  from  the  ef¬ 
fect  of  isotonic  alkaline  buffer  was  determined.  The  shift  in  the 
kinetic  curves  of  the  experimental  samples  in  percentages  relative 
to  the  position  of  the  control  curve  served  as  the  measure  of  ery¬ 
throcyte  damage  [3,  M]. 

Two  dose  curves  of  the  radiation  injury  of  erythrocytes  from 
the  blood  of  newborn  [13  and  adult  [2]  rats  are  shown  in  Fig.  1.  The 
obtained  dependence  of  the  injurious  effect  in  percent  of  the  con¬ 
trol  on  the  irradiation  dose  can  be  interpreted  on  the  basis  of 
classical  target  theory  [5].  As  seen  from  the  figure,  the  curves 
start  out  in  the  form  of  an  exponential  function,  change  to  an  S- 
shaped  segment  (which  is  more  expressed  for  erythrocyte  suspensions 
from  the  blood  of  newborn  rats)  and  end  up  asymptotically  parallel 
to  the  abscissa.  An  analysis  of  these  curves  given  in  another  paper 
[6]  made  it  possible  to  establish  three  different  components  of  rad- 
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iation  injury  in  the  erythrocyte  membrane .  Tnese  components  which 
we  called  a-,  8-  and  ^-components  form  populations  of  targets  In  the 
erythrocyte  membrane  which  differ  sharply  from  each  other  in  degree 
of  radiosensitivity:  the  a-components  are  single-hit  targets,  while 
the  8-  and  /^-components  are  multiple-hit  targets. 

We  shall  now  examine  the  dose  curves,  obtained  by  the  same  meth¬ 
od  of  isotonic  alkaline  hemolysis,  after  the  action  of  various  un¬ 
saturated  fatty  acids  on  erythrocyte  suspensions. 

Samples  of  oleic  and  linolenic  acid,  produced  domestically, 
and  of  linoleic  acid  produced  by  the  British  Miller  firm  were  used 
for  measuring  hemolytic  activity.  After  opening  the  samples  were 
stored  under  nitrogen  at  a  temperature  of  0°.  Tne  dependence  of  the 
degree  of  erythrocyte  damage  on  the  concentration  of  unsaturated 
fatty  acids  is  shown  in  Fig.  2. 

As  seen  from  the  course  of  the  dose  curves,  the  degree  of 
erythrocyte  damage  has  a  linear  dependence  on  the  concentration  of 
the  unsaturated  fatty  acids  in  the  range  from  1*10“®  to  2»10”5  g/ml. 
By  extrapolating  the  curves  the  direction  of  a  decrease  in  in¬ 
jurious  effect,  the  absence  of  a  "threshold"  (inactive)  dose  is 
found:  all  the  curve?  begin  with  the  zero  value  and  reach  approxi¬ 
mately  the  same  upper  limit,  corresponding  to  100#  damage  of  the 
erythrocytes.  The  linear  dependence  of  the  effect  of  cell  damage 
on  the  concentration  in  the  absence  of  a  "threshold"  concentra¬ 
tion  of  the  injurious  agent  is  proof  of  the  fact  that  the  interac¬ 
tion  between  molecules  of  the  injurious  agent  (unsaturated  fatty 
acids)  and  the  substrate  (superficial  layer  of  the  erythrocyte) 
is  a  zero  order  reaction:  it  it,  as  if  the  unsaturated  fatty  acid 
dissolves  in  the  injury  substrate. 

The  data  concerning  the  absence  of  a  "threshold  concentration" 
of  the  hemolytic  agents  -  unsaturated  fatty  acids  -  indicate  that 
an  erythrocyte  is  injured  from  a  single  action  of  the  injurious 
agent,  that  is,  from  the  action  of  one  molecule.  One  molecule  of 
an  unsaturated  fatty  acid,  coming  into  contact  with  the  cell  surf¬ 
ace  at  any  place,  causes  injury  of  the  erythrocyte.  This  mechanism, 
as  is  seen,  differs  radically  from  the  mechanism  of  "target"  in¬ 
jury  by  penetrating  radiation. 

The  question  arises  of  what  determines  the  limiting  concentra¬ 
tion  of  unsaturated  fatty  acids  which  causes  100#  erythrocyte  in¬ 
jury.  Since  one  molecule  of  unsaturated  fatty  acid  injure j  ery¬ 

throcyte  at  any  contact  site,  it  can  be  assumed  that  the  limiting 
concentration  of  the  Injurious  agent  corresponds  to  that  number  of 
molecules  at  which  the  whole  surface  of  the  erythrocyte  is  covered 
with  molecules  of  unsaturated  fatty  acids.  At  this  limiting  concen¬ 
tration  the  Injury  of  the  erythrocyte  will  be  maximal  whloh  is  mani¬ 
fested  in  Instantaneous  hemolysis,  whereas  at  lower  concentrations 
of  the  unsaturated  fatty  acids  the  time  of  the  onset  of  hemolysis 
will  be  greater  the  smaller  the  concentration  of  the  injurious  agent. 

There  are  data  in  the  literature  that  powerfully  acting  heaoly- 


tic  agents  which  cause  "instantaneous"  hemolysis  act  at  a  concentra¬ 
tion  at  which  the  surface  of  the  erythrocyte  is  completely  covered 
with  molecules  of  the  hemolytic  agent  [7,  8].  Maximal  injury  of 
erythrocytes  was  found,  for  example,  from  the  action  of  linolenic 
acid  in  a  concentration  of  18*10  6  g/ml.  It  can  be  assumed  that  this 
concentration  of  the  injurious  agent  corresponds  to  the  number  of 
molecules  at  which  the  surface  of  the  erythrocyte  is  completely  cov¬ 
ered  with  linolenic  acid  molecules.  To  verify  the  correctness  of 
this  assumption  we  shall  make  the  following  calculation. 

The  concentration  of  erythrocytes  in  rat  blood  is  approximately 
6*10’  cells/ml  [93.  The  radius  of  the  rat  erythrocyte  r  *  3*1  V 
[10];  hence  the  surface  of  the  erythrocyte  P  ,  if  it  ifrconsidered 

v  X 

to  be  equal  to  the  surface  of  a  sphere  with  approximately  the  same 
radius ,  equals 


fi.,  =  4i:r*„«120.10»Ai  (1) 

There  was  a  one  hundredfold  dilution  of  the  rat  blood  in 
the  experiments,  that  is,  the  erythrocyte  concentration  was 

—6*  107  cells/ml.  (2) 

The  surface  of  all  the  erythrocytes  Per  in  1  ml  of  blood  at 
this  concentration  equals  on  the  basis  of  (2)  and  (1) 

/7„«120.l0*x610*«  (3) 

We  shall  now  calculate  the  surface  which  all  the  molecules  of 
linolenic  acid  occupy  at  the  limiting  concentration  causing  100* 
injury  of  all  the  erythrocytes  available  in  the  given  subject.  The 
number  of  molecules  of  linolenic  acid  at  the  limiting  concentration 
equals 


18*  1G~*  ;«/■>»  ^ ~n~~ —  A^/iiil  %  miMiihi/Bi  % 

mo  m 

%  3,6- 10**  M ) 

where  280  is  the  molecular  weight  of  linolenic  acid  and  if  is  Avo- 
gadro's  number  (JT  •  d'lO1*). 

One  moleoule  of  fatty  acid,  Independently  of  the  length  of  its 
carbon  ohaln,  takes  up  on  the  lipid  layer  with  its  lipophilic  end  an 
area  of  approximately  22  A*  [11 3.  Hence,  on  the  basis  of  (4)  we  obtain 
the  area  which  all  the  molecules  of  linolenic  acid  in  1  ml  occupy: 

It,  -  3.8-  10>*.2SA*  -7,9. 10»A».  (5) 

By  comparing  Eqs.  (3)  and  (5)  it  can  be  seen  that  the  numeri¬ 
cal  values  of  the  total  surface  of  all  the  erythrocytes  P  in  1  ml 
and  the  total  eurfaoe  of  the  lipophilic  segments  of  all  tne  linolenic 
acid  molecule*  p,  m  1  ml  differ  from  each  other  by  no  more  than  8—9* » 
that  is,  L 
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(6) 


/7V  77 t. 

It  follows  from  Eq.  (6)  that  the  limiting  concentration  of 
linolenic  acid  which  causes  maximal  injury  of  the  erythrocytes  is 
the  concentration  at  which  the  surface  of  the  erythrocytes  is  com¬ 
pletely  covered  with  molecules  of  the  injurious  substance.  At  this 
limiting  concentration  the  number  of  linolenic  acid  molecules 
which  completely  cover  one  erythrocyte  equals 


_  120- 10* 
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5*  10*  molecules. 
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Fig.  3.  Dependence  of  erythrocyte  injury  on  effect  of  irradiated 
linolenic  acid  (1-4  -  experiment  number;  uvid  concentration  7.5* 
•10"*  g/ml) . 


It  seemed  of  interest  to  examine  the  injurious  effect  of  lino¬ 
lenic  acid  subjected  to  y-ir radiation  in  doses  of  from  10  to  30  kr. 
An  unsaturated  fatty  add  under  oxidation  conditions  contains,  as 
is  known,  radlomimetioally  acting  peroxides,  whose  concentration 
can  change  from  irradiation. 

In  Pig.  3  are  shown  the  results  of  four  experiments  obtained 
from  the  aotlon  of  irradiated  linolenic  acid  In  a  concentration  of 
7.5*10"'  g/ml  on  erythrocytes.  As  seen  from  these  **ata,  the  lnjuri- 
our  effect  of  the  uneaturated  fatty  aoid  increases  as  a  result  of 
irradiation,  reaches  a  maximum  in  the  region  of  doses  of  10-20  kr 
and  decreases  to  the  Initial  value  at  30  kr. 

The  Question  arises  of  whether  the  Intensification  of  the  In¬ 
jurious  effect  of  Irradiated  llnolenlo  ueld  is  connected  with  an  in¬ 
crease  in  the  concentration  of  peroxides  in  the  irradiated  samples. 
To  answer  this  question,  the  peroxide  content  In  unlrradlated  and 
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Content  of  Peroxides  in  Linolenic  Acid 
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irradiated  (with  different  doses)  linolenic  acid  was  investleated. 
Peroxide  concentration  was  determined  by  Hartmann  and  Clavind's 
method  [12].  The  calibration  curve  was  obtained  with  succinic  acid 
peroxide  synthesized  according  to  Quben  [131.  The  accuracy  of  the 
measurements  in  micromoles  of  peroxide  per  ml  was  +10%. 

Data  on  the  peroxide  content  in  linolenic  acid  after  irradia¬ 
tion  in  doses  of  10,  20  and  30  kr  are  presented  in  the  tab'. e . 

As  seen  from  the  data  presented,  the  peroxide  content  does 
not  increase  from  the  effect  of  y-irradiatlon  in  doses  of  10,  20 
and  30  kr  and,  consequently,  there  is  no  correlation  between  th* 
detected  effect  of  an  increase  in  the  hemolytic  activity  of  irrad¬ 
iated  linolenic  acid  and  the  peroxide  content. 

Thus,  our  investigations  showed  that  the  injurious  mechanisms 
of  penetrating  radiation  and  hemolytic  agents  are  subject  to  differ¬ 
ent  principles.  Where*®  the  injury  of  a  biological  specimen  by  pene¬ 
trating  radiation  occurs  according  to  Poisson  statistics,  that  is, 
the  statistics  of  random  and  extremely  rare  events,  the  kinetics  of 
the  injury  of  a  biological  specimen  by  hemolytic  agents  corresponds 
to  a  aero  order  chemical  reaction:  the  hemolytic  agent  acting  in 
an  extremely  small  amount,  but  in  the  form  of  a  stable  substance, 
as  it  dissolves  In  the  Injury  substrate,  whose  mass  is  practical¬ 
ly  Infinitely  large  in  comparison  with  the  bass  of  the  toxin.  Un¬ 
saturated  fatty  acids  are  not,  therefore,  radlomimetics,  since  the 
kinetics  of  their  injurious  effect  on  erythrocytes  is  subject  to  a 
different  principle  than  the  kinetics  of  erythrocyte  injury  by  pene¬ 
trating  radiation. 

The  following  conclusions  can  be  drawn: 

1.  The  kinetics  of  the  injury  of  erythrocytes,  suspended  in 
physiological  solution,  by  penetrating  radiation  can  be  interpreted 
on  the  basis  of  target  theory,  whereas  the  injury  o f  erythrocytes 
by  unsaturated  fatty  acids  is  controlled  by  the  law  of  the  kinetics 
of  a  sero  order  chemical  reaction. 
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2.  The  maximal  concentration  of  oleic,  linolenic  and  iiroleic 
acids  which  causes  1001  injury  of  erythrocytes  lies  in  the  range  of 
(18-22) *10“ 6  g/ml;  at  this  concentration  the  surface  of  the  erythro¬ 
cyte  is  completely  covered  with  unsaturated  fatty  acid  molecules, 
which  corresponds  to  5* 10*  molecules  on  one  cell. 

3.  Prom  y-irradiation  of  linolenic  acid  in  doses  of  10-20  kr 
its  hemolytic  activity  increases.  This  increase,  however,  is  not 
connected  with  the  peroxide  content,  whose  concentration  does  not 
increase  from  the  effect  of  irradiation  in  doses  of  10,  20  and  30  kr. 


REFERENCES 


1.  BacJ ,  Z.,  Alexander,  P. ,  Osnovy  radiobiologii,  Moscow,  Izd-vo 
inostr.  lit.,  1963. 

2.  Kudryashov,  Yu.B.  et  al.,  Obshchaya  biologiya,  25,  3  (1964). 

3.  Trincher,  K.S.,  Biofizika,  4,  79  (1959). 

4.  Kuzin,  A.M.,  Trincher,  K.S.,  Biofizika,  5,  533  (I960). 

5.  Tsimmer,  K.G.,  Problemy  kolichestvenney  radiobiologii  [Problems 
of  Quantitative  Radiobiology],  Qosatomizdat ,  1962. 

6.  Trincher,  K.S.,  Orlova,  L.V. ,  Radiobiologiya,  5,  797  (1965). 

7.  dorter,  E.,  Qrendel,  P.  Trans.  Paraday  Soc.,  22,  477  (1926). 

8.  Schulman,  J.H.  et  al.,  Phys.  Chem.  Haemolysis.  Progr.  Biophys.. 

5,  41  (1955). 

9.  Constable,  B.I.  J,  Physiol.,  167,  229  (1963). 

10.  Nikitin,  V.N.,  Atlas  kletok  krovi  sel'akokhosyayatvennykh  i 
laboratomykh  shivotnykh  [Atlas  of  the  Blood  Cells  of  Agricul¬ 
tural  and  Laboratory  Animals].  Moscow,  Sel’khosgls,  1949. 

11.  Netter,  H.  Theoretische  Blochemle,  Berlin,  Oottingen,  Heidelberg, 
Springer- Ver lag,  1959. 

12.  Hartmann,  S.,  Clavind,  X.  Acta  Chem.  Scand.,  3,  954  (1949). 

13-  Ouben,  0..  Metody  organicheskoy  khiaii  [Methods  of  Organic 
Chemistry].  Moscow,  OMTX,  1935* 


Manu¬ 

script 

Page 

No. 


Transliterated  Symbols 


210  n  •  i  *  Unolenovyy  ■  linolenic 


213 


■  CHOLINE  PRODUCTION  IN  ANIMAL  RADIATION  SICKNESS 

O.S.  Arutyunova ,  Z.Ya,  Baltbarzdys  and  Yu.B.  Kudryashov 
(Department  of  Biophysics,  Moscow  State  University) 

Much  attention, has  been  paid  to  the  radiation  toxic  effect 
in  radiobiological  literature.  It  is  expressed  by  the  effect  of 
a  group  of  biologically  activ-e  substances  whose  production  in 
animal  organs  and  tissues  is  closely  interrelated.  The  question 
of  choline’s  role  in  radiation  sickness,  which  arose  in  the 
initial,  period  of  radioMology  ’  s:  development  [1],  still  contin¬ 
ues  to  attract  attention  [2~-5]. 

Choline's  physiological  and  biochemical  significance  has 
been  well  studied  [61,  therefore  an  explanation  of  the  change  in 
the  level  of  the  choline  content  in  tissues  ana  organs  of  irrad¬ 
iated  animals  is  of  great  Interest  in  solving  the  problem  of 
radiation  toxemia. 

However,  the  dynamics  of  the  change  in  the  choline  level 
(particularly  in  the  initial  period)  during  radiation  sickness 
has  still  not  been  completely  studied.  Moreover,  it  is  still 
not  clear  at  the  present  time  how  choline  production  is  connect¬ 
ed  with  other  biologically  active  substances.  In  the  present 
work  the  dynamics  of  the  changes  in  the  level  of  free  and  total 
choline,  as  well  as  the  connection  of  its  production  with  the 
appearance  of  other  lipid  radiotoxins  [FT](PT)  -  the  so-called 
natural  radiomimetics  -  was  studied. 

White  male  r,ats  weighing  130-150  g  were  used  In  the  work. 
Irradiation  was  carried  out  in  an  RUM -3  unit  in  a  dose  of  800  r 
(filters:  A!  1.0  mm  and  Cu  -  0.5  mm).  There  was  one  total 
irradiation. 

Preparations  of  oxidized  oleic  acid  which  served  as  a  model 
of  lipid  radiotoxins  (RT)  were  obtained  by  a  previously  described 
method  [7]  The  OOA  (OOK)  preparations  were  injected  once  intra- 
peritonealiy  into  the  animals  in  a  dose  of  0.25  mg  per  rat.  In¬ 
tact  animals,  kept  under  the  same  conditions  as  the  experimental 
ones,  served  as  the  control.  At  different  times  after  injection 
of  the  preparation  or  irradiation,  the  rats  were  killed  by  de¬ 
capitation,  the  test  organs  were  extracted  and  the  amount  of 
total  and  frea  choline  in  them  was  studied. 
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For  determination  of  total  choline  the  teat  organs  were  dried 
in  an  incubator  at  a  temperature  of  100-105°,  then  they  were  ground 
and  placed  in  a  Soxhlet  apparatus.  Extraction  was  carried  out 
with  absolute  methanol  for  8-24  hrs.  The  methanol  was  removed  Jjy 
evaporating  the  extract  almost  to  dryness  with  subsequent  hydroly¬ 
sis  of  the  residue  with  a  boiling  aqueous  Ba(OH)*  solution.  The 
hydrolysate  was  neutralized  with  acetic  acid  and  after  filtration 
through  an  asbestos  filter,  a  solution  of  Reinecke  salt  in  methanol 
was  added  to  the  filtrate.  Then  after  precipitation  of  the  choline, 
the  solution  was  filtered  through  a  No.  4  glass  filter  and  the  resi¬ 
due  obtained  dissolved  in  acetone.  The  amount  of  choline  relneckate 
was  determined  electrophotocolorimetrically  (with  a  No.  2  green 
filter  [8]). 

or  determination  of  free  choline  the  tissue  being  analyzed 
was  pulverized  in  the  cold  and  an  equal  volume  of  a  10*  trichlor¬ 
acetic  acid  solution  added  to  it.  The  solution  obtained  was  fil¬ 
tered  and  the  lipids  extracted  three  times  with  diethyl  ether.  The 
ether  residue  was  evaporated  in  a  wat?**  bath.  The  choline  was  pre¬ 
cipitated  with  a  2%  solution  of  Reinecke  salt  in  methanol  and  the 
precipitate  of  choline  relneckate  wa3  dissolved  in  acetone.  The 
concentration  of  the  choline  relneckate  was  determined  electropho¬ 
tocolorimetrically  (with  a  No.  2  green  filter). 

Changes  in  the  choline  level  of  various  rat  organs  occur  at 
the  very  beginning  of  radiation  sickness  (Fig.  1). 

Thus,  in  the  first  period  after  one  total  irradiation  in  a 
dose  of  800  r  the  amount  of  total  choline  in  the  liver,  spleen, 
kidneys,  heart,  muscles  and  testicles  of  the  rats  changes  notice¬ 
ably  in  comparison  with  normal.  These  changes  are  not  the  same  for 
different  tissues.  In  the  spleen,  testicles  and  kidneys  an  in¬ 
crease  in  choline  is  observed,  while  in  the  skeletal  muscles  and 
myocardium  there  Is  a  decrease. 

There  are  data  In  the  literature  pertaining  to  changes  in  the 
choline  level  of  various  organs  of  Irradiated  animals.  However, 
the  change  in  total  choline  content  in  the  initial  periods  of  rad¬ 
iation  sickness  was  not  studied  by  the  authors  of  these  papers 
[2-5],  but  only  the  dynamics  of  the  change  in  choline  24-38  hrs 
after  the  action  of  radiation  was  studied.  In  the  opinion  of  some 
authors  [33,  an  increase  occurs  in  the  first  24  hrs  after  irradia¬ 
tion  with  sublethal  and  lethal  doses;  in  the  opinion  of  others 
[4,  5],  there  is  a  decrease  in  the  total  choline  in  various  organs. 
Thus,  the  data  available  in  the  literature  are  contradictory.  This 
can  evidently  be  explained  both  by  the  difference  in  the  method? 
used  by  different  authors  and  by  dissimilar  evaluation  of  the  de¬ 
gree  of  severity  of  the  radiation  sickness  (dependence  of  the 
changes  on  time  after  irradiation).  And  in  fact,  it  is  seen  from 
our  data  (see  Fig.  1)  that,  depending  on  the  time  after  irradia¬ 
tion,  both  an  increase  and  a  decrease  in  the  amount  of  choline 
can  be  observed  in  comparison  with  normal. 

As  seen  from  Fig.  2,  the  amount  of  choline  in  the  first  per¬ 
iod  of  radiation  sickness  (first  hours)  increases,  while  in  later 
periods  (on  the  fifth  day)  a  drop  in  the  choline  level  below  normal 
can  be  observed  in  the  rat  livers.  There  is  no  data  in  the 
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Pig.  1.  Average  content  of  total  choline  in  organs  and  tissues 
of  rats  irradiated  in  a  dose  of  800  r.  a)  Liver;  b)  muscles;  c) 
kidneys;  d)  testicles;  e)  spleen;  f)  heart;  K )  control.  The  time 
after  Irradiation  is  given  along  the  abscissa. 


literature  about  a  change  in  free,  biologically  active  choline 
during  radiation  sickness.  In  the  experiments  conducted,  in  con¬ 
trast  to  the  change  in  total  choline  content,  a  sharp  increase  in 
free  choline  occurs  both  in  the  first  period  (1  hr  after  Irradia¬ 
tion)  and  on  the  third  day. 

It  can  be  assumed  that  the  change  In  the  free  choline  con¬ 
tent  io  dearly  connected  with  intensification  of  autolytic  re¬ 
actions  during  radiation  sickness.  Indirect  data  in  the  litera¬ 
ture  indicate  this.  For  example,  it  has  been  shown  that  processes 
of  tissue  autolysia  can  increase  sharply  in  certain  periods  of 
radiation  sickness  [9].  On  the  other  hand,  it  is  believed  that 
free  oholine  can  be  produced  in  the  tissues  as  a  result  of  inten¬ 
sification  of  autolytic  processes  [10]. 


It  was  shown  in  the  experiments  conducted  that  during 
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Pig.  2.  Content  of  free  ond  total  choline  in  rat  livers  after  ir¬ 
radiation  and  00A  injection.  1)  Amount  of  total  choline  after  ir¬ 
radiation;  2)  amount  of  free  choline  after  irradiation;  3)  amount 
of  total  choline  after  uOA  injection. 


autolysis  the  amount  of  free  choline  in  irradiated  tissues  in¬ 
creases  rapidly  (Pig.  3). 

The  increase  in  free  choline  and  the  gradual  decrease  in 
total  choline  on  the  third  day  after  irradiation  evidently  are 
related  to  the  intensification  of  autolytic  processes  in  the 
liver  of  irradiated  animals  at  this  time.  In  the  first  period  of 
radiation  sickness  the  increase  in  free  and  total  choline  evident¬ 
ly  occurs  through  its  regeneration. 


Pig.  3.  Chang?  in  amount  of  free 
oholine  in  the  livers  of  rats  irra¬ 
diated  in  a  dose  of  800  r  during 
autolysis.  1)  Control  (normal;  2) 
Irradiated  rats. 
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As  is  known  (see  this  collection,  page  l6l)  the  production 
of  other  toxic  substances  -  lipid  RT  —  is  also  connected  with  an 
intensification  of  autolytic  reactions.  On  the  basis  of  these 
data  the  question  arises:  what  is  the  connection  between  choline 
and  lipid  RT? 

To  answer  this  question,  the  effect  of  lipid  radiotoxic  sub¬ 
stances  on  the  change  in  the  total  choline  level  was  studied. 

It  is  seen  from  Pig.  2  that  lipid  RT  cause  a  change  in  the 
choline  level:  an  increase  in  the  first  period  after  injection 
and  then  some  decrease  in  the  choline  level;  however,  the  amount 
of  total  choline  remains  considerably  above  normal  for  3  days. 

The  obtained  phase  changes  in  the  level  of  total  and  free  choline 
are  similar  to  what  is  observed  during  radiation  sickness.  How¬ 
ever,  they  do  not  always  coincide  in  time  after  the  effect. 

Thus,  lipid  RT  are  capable  of  causing  the  production  of  an¬ 
other  biologically  active  substance  —  choline,  which,  in  the 
opinion  of  a  number  of  authors  [1,  4],  participates  in  some  mani¬ 
festations  of  radiation  sickness. 

The  following  conclusions  can  be  drawn  from  the  investiga¬ 
tions  which  have  been  presented: 

1.  Phase  changes  in  total  and  free  choline  level  in  various 

organs  and  tissues  of  rats  irradiated  in  a  dose  of  800  r  are  ob¬ 
served.  1 

2.  An  increase^ in  total  choline  in  the  spleen;  liver  and 
kidneys  occurs  in  the  first  period  of  radiation  sickness;  an  early 
decrease  can  be  found  in  the  skeletal  and  cardiac  muscles. 

3.  An  increase  both  in  free  and  in  total  choline  occurs  in 
the  liver  of  irradiated  rats  in  the  first  period  of  radiation 
sickness,  evidently  through  its  regeneration. 

4.  In  the  period- of  the  further  development  of  radiation 
sickness  an  increase  is  observed  in  the  free  choline  level  and  a 
decrease  in  the  total  choline  level.  This  is  evidently  connected 
with  Intensification  of  autolytic  processes  in  the  tissues. 

5.  The  injection  of  lipid  RT  leads,  like  radiation,  to  phase 
change-,  in  the  amount  of  choline  in  the  liver. 
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THE  CHANGE  IN  THE  FREE  HISTAMINE  LEVEL  IN  RAT  TISSUES 
FROM  THE  EFFECT  OF  PHYSICAL  AND  CHEMICAL  FACTORS 

S.6.  Bllushl,  Ye.N.  Goncharenko  and  Yu.B.  Kudryashov 
(Department  of  Biophysics.  Moscow  State  University) 

The  prevention  and  treatment  of  radiation  sickness  Is  the 
fundamental  problem  of  contemporary  radloblology.  Therefore,  the 
study  of  the  toxic  substances  formed  In  the  organs  and  tissues 
of  biological  specimens  Irradiated  with  Ionizing  radiation  Is  of 
exceptionally  great  Importance  at  the  present  time. 

This  problem  has  attracted  many  investigators:  Tarusov  [1]. 
Kuzin  [2.  3]»  Gorlsontov  [4].  Ellinger  [53.  Xrlchevskaya  [6], 
Sverdlov  [73.  Kudryashov  [83  and  others.  Various  toxic  substances 
differing  In  chemical  nature  have  been  found  by  the  investigators: 
histamine,  choline,  oxidised  products  of  unsaturated  fatty  acids, 
organic  peroxides,  qulnones  and  others.  All  these  substances  are 
capable  of  causing  Individual  symptoms  characteristic  of  radia¬ 
tion  sickness.  However,  there  are  no  data  on  the  connection  and 
sequence  of  production  of  these  substanoes  during  radiation 
sickness  in  the  literature. 


Kudryashov  et  al.  [93  found  In  the  tissues  and  organs  of  Ir¬ 
radiated  animals  products  of  unsaturated  fatty  add  oxidation 
which  are  accumulated  with  time  and  depend  on  the  size  of  the  Ir¬ 
radiation  dose.  The  authors  called  these  products  ttnatural  radlo- 
mimetics"  [NR3  (EP),  sinoe  they  are  formed  in  the  living  Irradi¬ 
ated  organism  and  are  capable  of  imitating  radiation  slokness  In 
various  blologioal  specimens  and  systems.  It  has  been  shown  that 
NR  is  oapable  of  participating  in  the  primary  reactions  of  radia¬ 
tion  slokness}  other  toxlo  substances  -  histamine  and  qulnones  - 
as  is  known  from  the  literature  [1,  23,  do  not  participate  in  the 
primary  reactions. 


The  question  naturally  arises  of  whether  NR  when  injeoted 
into  the  animal  organism  is  oapable  of  oausing  the  production 
of  seeondary  toxlo  substanoes.  Zn  the  present  work  the  widely 
known  toxlo  subetanoe  -  histamine  -  was  selected  for  this  inves¬ 
tigation. 


All  the  work  performed  over  the  oourse  of  two  deoades  by 
various  investigators  did  not  divert  attention  from  the  old 
queetlon  raised  by  Sllinger  of  the  signifloanoe  of  histamine  in 
radiation  slokness.  And  when  in  recent  years  the  possibility  of 
proteotlon  against  radiation  slokness  by  histamine  was  established, 
this  evoked  new  studies  of  histamine's  dual  role.  According  to  the 
literature  data,  the  free  histamine  level  can  Inorease  under  the  t  • 
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influence  of  various  factors.  Sel’ye  [10]  attempted  to  explain 
the  complex  changes  occurring  in  radiation  sickness  by  a  "stressor 
effect  on  the  organism.” 

In  connection  with  this,  we  studied  the  dynamics  of  free, 
biologically  active  histamine  accumulation  during  radiation  sick¬ 
ness  and  after  NR  injection  to  determine  the  interrelation  of  NR 
and  histamine  production.  In  addition,  we  attempted  to  establish 
whether  the  change  in  the  free  histamine  level  is  specific  for 
radiation  sickness.  Vibration  was  selected  as  a  nonspecific  fac¬ 
tor  differing  from  ionizing  radiation.  Thus,  in  our  work  the 
question  of  the  production  of  one  of  the  radiotixic  substances, 
namely  histamine,  under  the  Influence  of  NR,  radiation  and  vibra¬ 
tion  was  Investigated. 

Products  of  oleic  acid  oxidation  [OOA]  (OOK)  were  used  as 
the  NR  model;  the  oxidation  of  oleic  acid  was  carried  out  for 
48  hrs  at  a  temperature  of  60°  by  an  air  current  in  the  dark. 

White  male  rats  weighing  150-160  g  were  the  subject  of  investiga¬ 
tion.  The  OOA  was  injected  once  into  the  animals  lntraperltoneal- 
ly  in  an  amount  of  0.2  ml  per  rat.  The  irradiation  (one  total) 
of  the  animals  was  carried  out  in  a  GUBE-800  unit  in  a  dose  of 
800  r.  The  rats  were  killed  by  decapitation  at  different  times 
after  the  OOA  injection  or  irradiation.  The  organs  and  tissues 
were  removed  from  the  animals  and  their  content  of  free  biolo¬ 
gically  active  histamine,  as  well  as  the  hlstaminopexic  capacity 
determined  by  chromatography  [5].  Each  figure  presented  in  the 
tables  was  obtained  by  statistical  treatment  of  the  data  from  10- 
20  rats,  and  the  free  histamine  level  in  the  tissues  was  deter¬ 
mined  in  4-6  parallel  sauries.  The  free  histamine  level  and  the 
hlstaminopexic  capacity  of  the  tissues  of  healthy.  Intact  rats 
served  as  the  control. 

The  NR  was  obtained  from  rabbit  livers  (third  day  after  ir¬ 
radiation  in  a  dose  of  1000  rad)  by  extraction  of  the  lipids  with 
ether  and  subsequent  removal  of  the  phospholipids  with  acetone 
[9].  The  NR  was  Injected  lntraperltoneally  once  into  rats  in  an 
amount  of  0. 7-1.0  g  per  rat.  Vibration  of  the  rats  was  carried 
out  in  VU5-70/200  as  well  as  VU-15  vlbrounits  with  the  following 
parameters:  frequency  70  ops,  amplitude  0.5*0. 6  mm,  vibro-over- 
-  load  11-12  g,  duration  of  vibration  1  hr. 

Krlchevskaya’s  experiments  [6]  are  confirmed  by  data  ob¬ 
tained  from  the  study  of  the  free  histamine  level  in  Irradiated 
rat  tissues  and  organs:  the  histamine  level  increases  in  the 
initial  period  and  decreases  in  the  ensuing  period. 

As  seen  from  Table  1,  5  min  after  irradiation  a  considerable 
Increase  occurs  in  the  histamine  oontent  of  the  skin  and  kidneys} 
the  increase  is  less  noticeable  in  the  stomaoh,  while  In  the 
liver  the  histamine  level  remains  unchanged  in  this  period.  On 
the  third  day  after  irradiation,  the  amount  of  histai^ne  in  the 
skin,  kidneys  and  stomach  drops,  while  the  free  histamine  con¬ 
tent  of  the  liver  is  Increased  1.5  times. 

After  the  injection  of  OOA  into  rats,  a  picture  of  the  free 
histamine  content  is  observed  which  is  very  similar  to  that  of 


-  221  - 


radiation  sickness:  the  same  phase  change  in  the  skin,  kidneys, 
stomach  and  liver.  This  indicates  a  similarity  in  the  action  of 
NR  and  ionizing  radiation. 

NR  preparations  when  Injected  into  rats  cause  statistically 
reliable  changes  in  the  free  histamine  content  of  the  tissues 
studied:  skin,  kidneys  and  liver.  In  the  initial  period  of  the 
illness  after  NR  injection,  a  sharp  increase  in  histamine  occurs; 
in  the  terminal  period  the  histamine  is  decreased  in  comparison 
with  normal.  Each  tissue  has  its  own  specific  changes.  Thus,  in 

TABLE  1 


Effect  of  Irradiation,  00A  and  NR  on  Free 
Histamine  Content  of  Tissues 
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1)  Variant  of  experiment  9) 

2)  Number  of  experiments  10) 

3)  Free  histamine  content  11) 

per  g  of  tissue,  yg  12) 

*0  Skin  13) 

5)  Liver 

6)  Kidneys  It) 

7)  Stomach 

8)  Control  (normal) 


the  akin  which  normally  has  a  greater  amount  of  free  histamine 
(12.7  ♦  0.6  yg  per  g  of  tissue)  than  other  tissues,  the  sharpest 
variation  In  Its  level  ocours:  in  the  initial  period  of  the  ill* 
ness  the  free  histamine  level  increases  more  than  two-fold, 
while  In  the  terminal  period  It  decreases  more  than  three-fold 
(In  comparison  with  the  initial  period).  Less  sharp  variations 
are  observed  In  the  liver  of  affected  rats.  All  these  changes 
are  similar  to  those  which  occur  during  acute  radiation  sickness. 
The  great  similarity  In  the  dynamics  of  the  range  In  the  free 
histamine  level  in  the  rat  tissues  studied  after  the  effect  of 
NR,  OOA  and  Ionising  radiation  indicates  a  similarity  In  the  ac¬ 
tion  of  the  ohemioal  substances  and  radiation,  that  is,  radio- 
mimetic  activity  of  products  of  unsaturated  fatty  acid  oxidation. 

The  r&dlomlmetlc  effect  of  a  change  in  the  free  histamine 
level  In  organs  and  tissues  Is  accompanied  by  a  change  In  the 
hlstaminopexle  capacity  of  the  tissues.  Krlchevekaya  C6]  believes 
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5  min  after  Irradiation 
3  days  after  Irradiation 
1  hr  after  OOA  injection 
3  days  after  OOA  injection 
initial  period  of  illness 
(1  hr  after  NR  injection) 
terminal  period 
(3  days  after  NR  injection) 


that  the  histaminopexic  capacity  of  the  tissues  is  one  of  the  de¬ 
fense  mechanisms  which  regulate  the  level  of  free  histamine  in 
the  organism  and  is  suppressed  in  animals  after  irradiation. 

These  conclusions  were  also  confirmed  by  the  experiment  (Table 

2). 


T*BLE  2 


Effect  of  Irradiation  and  Of  on  Histaminopex¬ 
ic  Capacity  of  Tissues  (in  per  cent  of  hista¬ 
mine  binding) 
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6)  Control  (normal) 

7)  1-2  hrs  after  irradiation 

8)  3  days  after  irradiation 

9)  1-2  hrs  after  00A  injection 

10)  3  days  after  OOA  injection 


Inhibition  of  the  tissues’  capacity  to  fix  histamine  occurs 
in  the  kidneys  and  skin  1-2  hrs  after  irradiation.  OOA  affects 
the  histaminopexic  capacity  of  the  skin  and  kidneys  in  the  same 
way  as  radiation  sickness.  The  kidneys  and  skin  —  the  tissues  in 
which  an  increase  in  the  histamine  level  from  radiation  and 
radiomimetic  effects  (see  Table  2)  occurs  most  rapidly  and 
clearly  -  were  selected  for  a  study  of  the  change  in  histamino- 
pexia.  A  gradual  decrease  in  the  capacity  to  bind  histamine  oc¬ 
curs  in  the  tissues  over  the  course  of  3  days  after  the  injection 
of  OOA,  In  3  days  the  histaminopexic  capacity  ef  the  tissues  de¬ 
creases  two-fold.  It  can  be  concluded  that  OOA  causes  the  change 
in  the  free  histamine  level  of  the  tissues  and  in  histaminopexic 
capacity  in  the  same  way  as  occurs  in  radiation  sickness. 

TABLE  3 


Effect  of  Vibration  on  Free  Histamine  Content 
of  Tissues 


1)  variant  of  experiment i  2)  number  of  experiments;  3)  from  hia- 
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tamine  content  per  g  of  tissue,  yg;  4)  skin;  5)  kidneys;  6)  liver; 
7)  stomach;  8)  control  (normal);  9)  5  min  after  vibration;  10)  1 
hr  after  vibration;  11)  3  days  after  vibration. 


Changes  were  also  found  In  the  level  of  free  histamine  in 
the  rat  tissues  in  a  study  of  the  effect  of  vibration  on  the  free 
histamine  level  of  rat  tissues  (Table  3)* 

Vibration  changes  the  free  histamine  level.  However,  these 
changes  differ  from  the  effects  of  radiation  and  radiomimeticc. 
After  the  effect  of  vibration  a  short-lived  increase  in  the  his¬ 
tamine  level  occurs  in  the  tissues  studied;  this  Increase  was  the 
same  as  that  from  the  effect  of  radlomimetlcs  and  radiation.  A 
histamine  decrease  phase  was  not  observed:  1  hr  after  vibration 
the  amount  of  histamine  in  all  the  tissues  studied  reaches  normal 
and  does  not  change  in  the  future.  Thus,  the  dynamics  of  the 
change  in  the  free  histamine  level  after  the  effect  of  vibration 
differs  from  the  effect  observed  from  radiomlmetlcs  or  radiation. 

The  following  conclusions  can  be  drawn: 

1.  The  injection  of  rats  with  OOA  (a  model  of  toxic  substances 
developing  during  radiation  sickness)  causes  phase  changes  In  the 
free  histamine  content  of  organs  and  tissues.  Sharp  inhibition  of 
the  hlstamlnopexlc  capacity  of  the  orsana  and  tissues  also  occurs. 

2.  After  the  injection  of  rats  with  lipids  isolated  from  ir¬ 
radiated  rabbit  livers  (NR),  &  change  is  observed  in  the  free 
histamine  level  bearing  a  phase  character. 

3.  The  changes  observed  are  similar  to  those  of  radiation 
disturbances  in  the  free,  biologically  active  histamine  content 
and  the  hietamlnopexlc  capacity  of  organs  and  tissues. 

A.  The  radiomimetic  effect  of  a  change  in  the  free  hista¬ 
mine  level  of  rat  tissues  makes  it  possible  to  draw  the  conclu¬ 
sion  that  NR  causes  the  production  of  a  secondary  toxic  substance, 
histamine,  during  radiation  sickness. 

5.  The  dynamics  of  the  change  in  the  free  histamine  level 
of  the  tissues  from  another  effect  -  vibration  -  differs  from 
the  dynamics  observed  after  the  action  of  radiation  or  radiomi- 
aetlcs. 


REFERENCES 

1.  Taruaov,  B.N.,  Pervichnyye  protseaay  luchevogo  pora- 
chenlya  CPrimary  Processes  of  Radiation  Sickness 3. 
Moscow,  Oosatomisdat,  1962. 

2.  Kuain,  A.N.,  In  book  entitled  "Oanovy  radiatsionroy 
biologll"  [Foundations  of  Radiation  Biology},  Moscow, 
ltd- vo  Nuuk a,  196* ,  page  51. 


Kuzin,  A.M.,  Radiatsionnaya  biokhimiya  [Radiation  Bio¬ 
chemistry],  Moscow,  Izd-vo  AN  SSSR,  1962. 

Qorizontov,  P,D.,  In  book  entitled  "Radiobiologiya" 
[Radiobiology],  Moscow,  Izd-vo  AN  SSSR,  1958,  page  37. 

Ellinger,  F.,  Die  biologischen  Orundlagen  der 
Strahlenbehandlung  [The  Biological  Foundations  of 
Radiotherapy],  Berlin,  Vienne,  1953*  page  175. 

Krichevskaya,  Ye. I.,  In  collection  entitled  "Radio- 
biologiya,"  Moscow,  Izd-vo  AN  SSSR,  1958,  page  126. 

Sverdlov,  A.G.,  Radiobiologiya,  1,  5**3  (1961). 

Kudryashov,  Yu.B.,  Dokl.  AN  SSSR  [Proc.  USSR  Acad. 

Sci],  109,  515  (1956). 

Kudryashov,  Yu.B.  et  al. ,  Obshchaya  biologlya  [General 
Biology],  25,  3  (196*0 . 

Sel'ye,  G.,  In  book  entitled  "Ocherki  ob  adaptatsionnom 
sindrome"  [Outlines  of  the  Adaptation  Syndrome].  Moscow, 
Medgiz  [Medicine  Press],  I960,  page  58. 


THE  ROLE  OF  INCREASED  SENSITIVITY  TO  A  NUMBER  OF  BIOGENIC 
FACTORS  IN  THE  DEVELOPMENT  OT  RADIATION  TOXEMIA 

Ye. I.  Krlchevskaya  and  6.V.  Kapitonova 

(Laboratory  of  Physiology  at  the  USSR  Academy 
of  Sciences  Institute  of  Biophysics) 

The  profound  discoordination  of  various  metabolic  processes 
caused  by  ionizing  radiation  inevitably  leads  both  to  the  devel¬ 
opment  of  specific  radiotoxins  [RT]  (PT)  and  to  a  disturbance  in 
the  level  of  biologically  active  substances  inherent  to  the  or¬ 
ganism,  which  is  relatively  constant  under  physiological  condi¬ 
tions.  In  the  case  of  the  accumulation  of  the  latter  in  an  irra¬ 
diated  organism  in  abnormally  high  concentrations  they  also  can 
become  the  cause  of  certain  radiation  reactions. 

Moreover,  in  studying  the  development  of  radiation  toxemia 
it  is  necessary  to  take  into  account  not  only  the  level  of  these 
normal  or  abnormal  metabolites,  but  also  the  possibility  of  a 
different,  more  severe  pathological  reaction  of  the  irradiated 
organism. 

There  are  rather  numerous  indications  in  the  literature  at 
the  present  time  concerning  such  increased  sensitivity  of  irra¬ 
diated  animals,  their  individual  organs  or  systems  to  a  whole 
series  of  humoral  factors.  However,  the  intimate  mechanisms  lying 
at  the  basis  of  this  interesting  phenomenon  are  still  far  from 
clear.  Korchemkin  and  Rayeva  [1]  observed  on  an  electrocardiogram 
an  intensification  of  adrenalin’s  toxic  effect  on  irradiated  dogs. 
They  recorded  b  .ock,  extrasystole  and  arhythmia.  They  also  noted 
in  irradiated  animals  excitation  of  the  sympathetic  nervous  sys¬ 
tem. 

Hyperactivity  of  the  myocardium  to  the  injection  of  adrenalin 
was  found  in  Irradiated  dogs  by  danysh  [2],  According  to  his  data, 
the  pressor  reaction  to  adrenalin  also  intensifies  as  the  radia¬ 
tion  sickness  develops.  However,  Danysh  did  not  note  higher  adren¬ 
alin  toxicity  In  mice  irradiated  with  a  sublethal  dose. 

The  literature  data  concerning  a  change  in  the  reactivity  of 
irradiated  animals  with  respect  to  acetylcholine  are  somewhat 
contradictory.  According  to  Danysh,  the  sensitivity  to  acetyl¬ 
choline  of  the  cholinergic  receptors  of  the  small  intestine  and 
uterus  of  guinea  pigs  irradiated  with  a  sublethal  dose  consider¬ 
ably  decreases.  On  the  other  hand,  according  to  Smirnov  and  Shi- 
khodyrov’s  data  [3],  the  sensitivity  to  acetylcholine  both  of  the 
small  and  of  the  large  intestine  of  rats  after  irradiation  in  a 
dose  of  1000  r  is  considerably  increased.  It  is  possible  that 
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these  differences  can  be  explained  both  by  species  specificity 
and  by  the  dose  of  irradiation  used.  In  older  studies  [4,  5j  a 
considerable  increase  was  noted  in  the  sensitivity  of  irradiated 
rabbits  and  dogs  to  adenosine,  trypsin  and  histamine.  Sensitivity 
to  the  latter  becomes  greatest  2-2.5  hrs  after  Irradiation  [M,  5j, 
When  the  skin  histamine  test  was  used,  a  sharp  increase  was  also 
noted  [6]  in  the  sensitivity  of  irradiated  guinea  pigs  to  hista¬ 
mine. 


It  is  possible  that  the  high  death  rate  of  rats  from  the 
Joint  action  of  irradiation  and  small  doses  of  oxidized  oleic 
acid  in  Goncharenko  and  Kudryashov’s  experiments  [7]  should  be 
considered  not  only  as  an  example  of  the  synergic  effect  of  ion¬ 
izing  radiation  and  natural  radiomimetic,  but  also  as  a  manifes¬ 
tation  of  the  increased  sensitivity  which  is  evidently  character¬ 
istic  of  irradiated  animals. 

With  this  convincing  experience  of  previous  investigators 
in  mind,  the  authors  attempted  to  obtain  their  own  data  on  this 
subject.  The  investigations  were  carried  out  on  white  unpedigreed 
mice  and  rats  which  were  subjected  to  x-ray  irradiation  in  a  dose 
of  800  r  at  a  dose  rate  of  50  r/min  with 0.5  Cu  +  0.75  A1  filters. 

In  determining  the  changes  in  tne  sensitivity  of  the  cholin¬ 
ergic  receptors  from  the  effect  of  ionizing  radiation,  instead  of 
the  very  unstable  acetylcholine,  its  analogue,  carbochollne ,  which 
is  not  subject  to  the  action  of  cholinesterase  in  the  organism, 
was  used  in  the  experiments. 
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Pig.  1.  Effect  of  ionizing  radia¬ 
tion  on  the  sensitivity  of  rats  to 
carbochollne.  1)  Control  (normal); 
2)  after  irradiation. 


The  electrocardiographic  studies  (Fig-  1)  which  were  carried 
out  showed  that  the  slowing  down  of  the  rhythm  of  the  heart  con¬ 
tractions  after  the  intraperitoneal  injection  of  rats  with  25  ug 
of  carbochollne  is  considerably  more  strongly  expressed  in  Irra¬ 
diated  animals  than  in  normal  animals.  The  difference  in  the  ef¬ 
fect’s  duration  is  enoe daily  sharp.  In  the  control  rats  45  min 
after  the  effect,  the  frequency  of  the  heart  contractions  becomes 
practically  normal,  while  in  the  irradiated  rats  after  105  min  it 
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still  remains  statistically  reliably  slowed  down. 

The  sensitivity  of  irradiated  rats  to  histamine  increases  to 
an  even  greater  degree.  In  fact,  normal  rats  withstood  the  intra- 
peritoneal  injection  of  25  mg  of  histamine  well.  In  the  case  of 
preliminary  irradiation  in  a  dose  of  800  r  the  injection  of  the 
same  amount  of  histamine  immediately  afterward  caused  a  severe 
state  of  shock  in  a  majority  of  the  animals.  Prostration,  an  ex¬ 
pressed  pilomotor  reaction  and  cyanosis  of  the  extremities  was 
observed.  In  the  first  hours  after  the  effect  65f  of  the  irradi¬ 
ated  animals  died. 


In  view  of  the  considerable  accumulation  of  histamine  in 
the  irradiated  organism  [8],  it  was  assumed  that  the  increase  in 
sensitivity  to  this  highly  active  biogenic  factor  can  be  the 
cause  of  a  whole  series  of  further  radiation  reactions.  Tn  view 
of  this.  It  seemed  necessary  to  investigate  in  detail  the  cause 
and  mechanism  of  the  given  phenomenon. 


Liver 


Kidneys  Brain 


Fig.  2.  Effect  of  ionizing  radiation  on  the  distribution  in  or¬ 
gans  of  histamine  from  the  general  circulation  between  Its  free 
and  bound  fractions.  1)  Control  (normal);  2)  45  min  after  irradia¬ 
tion.  Light  column)  free  histamine;  cross-hatched  column)  bound 
histamine. 


First  of  all  a  comparative  study  of  the  distribution  of  his¬ 
tamine  injected  into  the  blood  in  the  various  organs  of  normal 
and  irradiated  animals  was  required.  However,  a  determination  of 
only  its  total  content  in  the  tissues  was  insufficient  for  the 
purposes  of  this  experiment.  Since  the  cause  of  histamine's  high 
toxicity  for  irradiated  animals  was  especially  interesting,  it 
was  necessary  to  investigate  the  level  of  its  free  biologically 
active,  that  is,  highly  toxic,  fraction. 

It  was  established  from  an  analysis  of  the  data  obtained 
that  in  normal  animals  the  greater  part  of  the  histamine  injected 
into  the  general  circulation  is  very  quiokly  (in  5  min)  absorbed 
by  the  tissues  of  various  organs  in  complete  correspondence  with 
the  data  of  Halpem  et  al.  [93*  who  injected  very  small  doses  of 
labeled  histamine  and  observed  its  extremely  uneven  distribution 
in  the  tissues  of  Individual  organs. 

It  is  dear  that  in  accordance  with  the  different  penetra¬ 
bilities  of  the  histohematic  barriers  [HHB]  (JTB),  the  order  of 


the  organs  investigated  should  be  the  following:  kidneys,  liver 
and  skin.  Histamine  injected  into  the  blood  does  not  penetrate  at 
all  into  the  brain  of  normal  rats.  Here,  seen  from  Pig.  2,  the 
greater  part  of  the  histamine  which  penetrated  into  the  orgaris 
from  the  general  circulation  In  normal  rats  appears  to  be  in  a 
bound,  that  is,  biologically  inert,  state.  It  changes  very  sharp¬ 
ly  from  the  effect  of  ionizing  radiation.  Evidently,  as  a  result 
of  the  considerable  suppression  of  the  hi3taminopexic  capac4*-? 
of  the  tissues  [10]  the  histamine  which  penetrated  into  the  or¬ 
gans  of  irradiated  animals  is  found  primarily  in  a  free  state. 

This  (one  circumstance  -  the  sharp  increase  in  the  free  histamine 
level  in  the  tissues  due  to  their  low  histaminopexic  capacity 
after  irradiation  -  should,  it  would  seem,  explain  histamine's 
high  toxicity  for  irradiated  animals.  However,  the  investigations 
which  were  conducted  disclose  still  another  extremely  important 
fact  -  a  disturbance  in  the  hemato-encephalic  barrier  [HEB]  (T3B) 
for  histamine,  which  shows  up  clearly  in  the  rats  45  min  after 
irradiation. 

With  the  extremely  high  sensitivity  of  the  nerve  centers, 
such  a  significant  increase  (approximately  two-fold)  in  the  nor¬ 
mal  level  of  free  histamine  in  the  central  nervous  system  [CNS] 
(UHC)  cannot  but  have  serious  consequences. 

Thus,  ionizing  radiation  evidently  disturbs  the  whole  de¬ 
fense  system  which  the  organism  has  available  during  the  detoxi¬ 
fication  of  histamine.  If  it  is  assumed  that  the  HHB  and  especi¬ 
ally  the  HEB  are  the  first  defense  mechanism  regulating  the  pen¬ 
etration  of  histamine  from  the  blood  into  the  tissue  which  is 
normally  completely  impenetrable  to  histamine  in  rats,  the  second 
defense  mechanism  is  the  histaminopexic  capacity  of  the  tissues. 

It  is  likely  that  both  these  mechanisms  are  equally  disturbed 
during  irradiation.  Which  of  them  is  the  principal  mechanism 
which  determines  the  development  of  the  given  radiation  reaction? 

The  existence  of  a  clear  species  specificity  in  this  respect 
in  mice  and  rats  unexpectedly  helped  in  solving  this  problem. 

Mice  are  even  more  resistant  to  histamine.  Normally,  they  with¬ 
stand  well  the  injection  of  even  such  high  doses  as  500-1000  mg 
per  kg,  that  is,  10-20  mg  of  histamine  per  mouse  and,  which  is 
very  Important,  their  attitude  toward  histamine  is  completely  un¬ 
changed  after  irradiation.  The  given  radiation  reaction,  thus, 
is  completely  absent  in  them. 

To  determine  the  cause  of  this  speoles  difference,  the  ef¬ 
fect  of  Ionizing  radiation  on  the  same  mechanism  was  Investigated 
In  mice.  Therefore  the  Investigations  carried  out  on  rats  were 
repeated  under  exactly  Identical  conditions  on  these  mice. 

In  this  case  it  was  found  that  the  histamine  Injected  Into 
the  general  circulation  is  distributed  In  the  peripheral  organs 
of  normal  animals  just  as  In  rats.  The  histaminopexic  capacity 
of  the  tissues  is  similarly  suppressed  by  Ionizing  radiation,  as 
a  result  of  which  histamine  injected  Into  the  blood  which  had 
penetrated  into  the  organs  Is  found  in  irradiated  mice,  in 
rats,  primarily  in  free  biologically  active  form.  However,  in 
mice  the  HEB  remains  Impenetrable  to  histamine  after  irradiation. 
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Is  this  difference  actually  decisive,  that  is,  can  the  in¬ 
creased  sensitivity  to  histamine  of  irradiated  animals  he  consid¬ 
ered  only  as  a  central  reaction  caused  by  histamine  excitation  of 
the  corresponding  centers? 

The  complete  absence  of  any  toxic  reaction  on  the  part  of 
normal  rats  to  the  suboccipital  injection,  that  is,  bypassing  the 
H2B,  of  even  50  yg  of  histamine  is  the  answer  to  this  question. 

This  dose  exceeds  by  approximately  four  times  the  amount  of  his¬ 
tamine  which  penetrates  into  the  CNS  when  injected  into  the  gen¬ 
eral  circulation  through  the  HEB  disturbed  by  irradiation. 

Thus,  although  the  injection  of  histamine  directly  into  the 
cerebrospinal  fluid  undoubtedly  disturbs  the  relative  constancy 
of  the  immediate  internal  environment  of  the  CNS,  th-*  conclusion 
suggests  itself  that  by  Itself  in  the  obligatory  absence  during 
irradiation  of  a  high  level  of  free  histamine  in  the  peripheral 
organs,  it  still  does  not  create  conditions  Incompatible  with 
life.  Henoe  it  follows  that  both  components  of  the  given  radia¬ 
tion  reaction  are  equally  necessary  for  its  development,  and  in 
the  absence  of  one  of  them,  as  occurs  in  mice,  increased  sensi¬ 
tivity  to  histamine  does  not  develop. 

The  last  series  of  experiments  in  which  it  was  possible  to 
incite  the  given  radiation  reaction  in  mice  by  simultaneously 
injecting  10-20  mg  of  histamine  lntraperltoneally  and  10-20  yg 
suboccipitally,  bypassing  the  HEB,  into  irradiated  animals  proves 
this  hypothesis.  Under  these  experimental  conditions,  as  in  rats, 
death  of  64S  of  the  irradiated  animals  was  observed.  In  normal  rats 
with  high  histamlnopexlc  capacity  of  the  tissues,  even  such  a  com¬ 
bined  histamine  injection  does  not  cause  death. 

The  following  conclusions  can  be  drawn: 

1.  Ionizing  radiation  causes  an  ir.cre**e  in  the  sensitivity 
of  rats  to  carbooholine  and  histamine. 

2.  The  development  of  Increased  sensitivity  of  irradiated 
rats  to  histamine  is  due  to  suppression  of  the  hlstaminopexlo 
oapaolty  of  the  tissues  and  to  a  disturbance  in  the  HEB  for  his¬ 
tamine  . 


3.  The  abaenoe  of  the  given  radiation  reaction  in  mice  which 
is  an  interesting  example  of  species  specificity  is  a  result  of 
the  disconnection  of  these  two  mechanisms.  In  the  oase  of  their 
artificial  combination,  it  is  possible  to  induoe  this  phenomenon 
in  mice. 
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THE  PARTICIPATION  OF  CERTAIN  BIOLOGICALLY  ACTIVE  SUBSTANCES 
IN  RADIATION  DISTURBANCES  OF  THE  PENETRABILITY 
OF  THE  HISTO-HEMATIC  BARRIERS 

Yti.N.  Goncharenko 

(Laboratory  of  Physiology  at  the  USSR  Academy 
of  Sciences  Institute  of  Biophysics) 

Many  years  of  investigations  by  L.S.  Shtem  and  her  col¬ 
leagues  have  shown  the  importance  of  a  relative  constancy  of  the 
Immediate  Internal  environment  of  the  organs  and  tissues  for  a 
normal  course  of  physiological  processes.  One  of  the  principal 
mechanisms  which  determines  and  maintains  constancy  of  the  envi¬ 
ronment  is  the  functioning  of  the  histo-hematic  barriers  [HHB] 
(rrB).  In  addition  to  preserving  the  constancy  of  a  given  organ's 
Internal  environment,  the  1IHB  play  an  important  role  In  providing 
a  humoral  link  between  various  organs.  Therefore,  in  a  discussion 
of  the  role  of  radlotozlna  [RT]  (PT)  in  the  development  of  radia¬ 
tion  sickness  in  regard  to  their  remote  effect  it  is  impossible 
not  to  touch  upon  the  question  of  the  HHB. 

It  has  been  established  by  numerous  investigations  [1-5] 
that  ionizing  radiation  causes  a  change  in  the  penetrability  of 
the  HHB.  However,  the  Mechanisms  of  these  disturbances  at  the 
present  time  have  still  not  been  finally  disclosed.  It  has  been 
shown  in  a  whole  series  of  papers  that  some  chemical  substances 
are  capable  of  changing  the  state  of  the  HHB  and  of  affecting  the 
development  of  pathologloal  processes  within  them. 

However,  it  is  known  that  toxle  substances  are  formed  in  the 
organism  of  irradiated  animuls:  choline  [6],  histamine  [7,  8], 
qulnones  [9],  lipid  RT  [10,  11]  and  others  which  dearly  take  a 
significant  part  in  the  devilopment  of  oertaln  secondary  changes 
observed  during  radiation  slokness.  Leaving  aside  the  question 
of  the  possible  effeot  of  a  whole  series  of  substanoes  united 
under  the  general  name  of  "radiotoxins ”  on  the  penetrability  of 
the  HHB,  the  effect  of  lipU  RT  on  the  penetrability  of  the  HHB 
and  their  connection  with  free,  biologically  active  histamine  was 
investigated  in  the  present  work. 

The  penetrability  of  the  HHB  of  the  liver,  muscles  and  the 
brain  in  different  forms  of  radiation  sickness  (doses  of  0.6,  5 
and  10  kr)  from  the  effeot  of  lipid  RT  and  their  model,  oxidised 
oleic  add  [OOA]  (OOK),  was  investigated.  The  lipid  fraction  from 
the  liver  of  unirradiated,  healthy  rabbits  served  as  the  oontrol. 
The  lipid  RT  were  obtained  by  a  method  described  in  the  litera¬ 
ture  [12]. 


Penetrability  was  determined  by  the  isotope  method.  A  radio¬ 
active  phosphorus  isotope  was  used  as  an  indicator  of  penetrabil¬ 
ity.  The  ratio  of  the  tissue  radioactivity  to  the  radioactivity 
of  blood  removed  at  the  same  time,  expressed  in  per  cent,  served 
as  the  index  of  HHB  penetrability.  A  chromatographic  method,  mod¬ 
ified  by  Krichevskaya  [13,  14],  was  used  to  determine  free  hista¬ 
mine. 


Effect  of  Irradiation,  00A  and  Lipid  RT  on 
HHB  Penetrability 
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The  results  of  the  study  of  HNS  penetrability  under  differ¬ 
ent  influences  are  presented  in  the  table. 


After  one  total  Y-lrradiation,  a  definite  pattern  is  ob¬ 
served  in  the  ohange  in  the  HHB  penetrability  for  all  forms  of 
radiation  sickness  investigated.  This  pattern,  as  seen  frefc  the 
table,  oonslsts  in  the  faot  that  in  the  first  period  of  radiation 
sickness  an  Increase  is  observed  in  the  HHB  penetrability  in  the 
tissues  examined.  In  the  ensuing  period  of  radiation  slokness  a 
notloeable  decrease  In  penetrability  ooours.  The  degree  of  the 
ohange  in  the  HHB  penetrability  depends  on  the  site  of  the  ir¬ 
radiation  dose.  Prom  irradiation  with  a  dose  of  0.6  kr,  the  in¬ 
crease  in  the  penetrability  is  greater  and  the  decrease  is  less 
than  after  irradiation  with  a  dose  of  $  kr. 
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Injection  of  the  animals  with  lipid  RT,  as  waa  shown  earlier 
[1?],  leads  to  different  severities  of  the  illness  depending  on 
the  amount  of  the  substance  injected ,  in  the  sane  way  as  differ¬ 
ent  doses  of  Y~radlatlon  cause  different  forma  of  radiation  sick¬ 
ness.  The  change  In  the  HHB  penetrability  is  presented  in  the 
table.  In  the  initial  stage  of  the  illness  an  Increase  is  ob¬ 
served  in  HHB  penetrability.  As  the  illness  develops  HHB  penetra¬ 
bility  decreases  and  in  the  most  acute  form  of  the  illness  (in 
the  terminal  period),  it  falls  sharply  below  normal,  that  is,  a 
pattern  characteristic  of  radiation  sickness  is  observed.  The  in¬ 
jection  of  rats  with  lipids  isolated  from  unirradiated,  healthy 
rabbit  livers,  as  .seen  from  the  table  ("control"),  does  not  lead 
to  noticeable  changes  in  HHB  penetrability. 

Taking  into  consideration  the  fact  that  the  biological  ac¬ 
tivity  of  lipid  RT  is  connected  [153  with  the  oxidation  products 
of  unsaturated  fatty  acids,  in  the  next  series  of  experiments  the 
HHB  penetrability  of  the  tissues  of  rats  which  were  first  Injected 
with  OOA  was  studied.  Different  doses  caused  different  degrees  of 
sickness  of  the  animals.  As  seen  from  the  table,  the  injection  of 
OOA  also  leads  to  various  disturbances  in  penetrability,  depending 
on  the  dose  and  time  passed  after  injection  of  the  preparation.  In 
the  initial  period  of  the  illness  the  HHB  penetrability  of  the 
tissues  is  Increased,  in  the  next  period  it  decreases  and  in  the 
terminal  period  (in  the  most  acute  form  of  the  Illness)  it  falls 
sharply  below  normal. 

Thus,  the  disturbance  in  the  HHB  penetrability  of  the  tis¬ 
sues  from  the  injection  of  rats  with  lipid  RT  evidently  depends 
on  their  content  of  oxidised  products  of  unsaturated  fatty  adds. 

It  is  possible  to  conclude  on  the  basis  of  the  data  presented 
that  lipids  isolated  from  tissues  of  irradiated  animals  have  a 
definite  radlomlmetlc  effect  on  HHB  penetrability  and  reproduce 
well  both  stages  of  the  change  in  penetrability  observed  during 
radiation  sickness.  It  can  be  assumed  on  the  basis  of  these  facts 
that  substances  of  a  lipid  nature  which  appear  during  radiation 
sickness  participate  In  the  disturbance  of  HHB  penetrability. 

However,  it  is  known  that  the  level  of  another  biologically 
active  substance,  histamine,  which  also,  as  is  known  [8],  affects 
HHB  penetrability,  changes  during  radiation  sickness. 

The  question  arises  of  whether  these  toxlo  substances  act 
individually  on  HHB  penetrability  or  whether  their  production  and 
eff  ot  are  interconnected.  Work  carried  out  by  the  author  jointly 
with  Bilushi  and  Kudryashov  on  the  mechanism  of  histamine  produc¬ 
tion  during  radiation  sickness  (see  this  collection,  page  220), 
in  which  It  was  shown  that  lipid  RT  and  its  model  (OOA)  when  in¬ 
jected  Into  rats  In  minimum  lethal  doses  change  the  level  of  free, 
biologically  active  histamine.  It  seems,  brings  some  clarity  to 
the  solution  of  this  problem.  The  dynamlos  of  these  changes,  Just 
as  from  irradiation,  has  a  pha*.  character.  In  the  initial  per¬ 
iod  of  the  illness  the  level  of  tree  histamine  increases  in  all 
the  organs  and  tissues  studied,  in  the  next  period  the  level  de¬ 
creases.  The  rate  of  decrease  in  histamine  level,  just  as  after 
Irradiation,  is  different  in  different  organs.  As.  is  known  toj, 
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one  of  the  defense  mechanisms  which  regulate  the  free  histamine 
level  is  the  histamlnopexlc  capacity  of  the  tissues  which  is  sup¬ 
pressed  after  irradiation.  We  succeeded  in  showing  that  the  his- 
tamlnopexlc  capacity  of  the  tissues  of  animals  Injected  with  lipid 
RT  also  decreases  continually  during  the  entire  period  of  the  ill¬ 
ness.  The  data  obtained  make  it  possible  to  speak  of  a  definite 
connection  between  the  two  biologically  active  substances  -  lipid 
RT  and  free  histamine  -  during  the  development  of  radiation  sick¬ 
ness  and  of  their  role  in  the  radiation  changes  in  HHB  penetrabil¬ 
ity.  A  number  of  investigators  suggest  [16-16]  that  lipid  RT  are 
one  of  those  substances  which  are  capable  of  participating  in  the 
primary  processes  of  radiation  sickness.  It  is  also  known  that 
histamine  does  not  participate  in  the  primary  processes  of  radia¬ 
tion  sickness.  Consequently,  it  is  possible  to  assume  that  the 
lipid  RT  which  have  developed  in  the  organism  of  irradiated  ani¬ 
mals  are  capable  of  changing  the  level  of  free,  biologically  ac¬ 
tive  histamine,  that  is,  the  lipid  RT  promote  the  appearance  in 
the  irradiated  organism  of  secondary  toxic  substances  which  in 
turn  can  aggravate  the  course  of  the  radiation  sickness,  includ¬ 
ing  pathological  changes  in  HHB  penetrability. 

Thus,  one  possible  mechanism  of  action  of  ionizing  radiation 
on  HHB  penetrability  may  be  radiation's  Indirect  effect  thanks 
to  the  production  of  primary  toxic  substances  ->  lipid  RT  and  sec¬ 
ondary  substances  -  histamine. 
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SOKE  DATA  ON  THE  NATURE  OF  TOXIC  FACTORS  IN  RADIATION  SICKNESS 

P.D.  Gorlzontov,  G.M.  L'vltsyna  and  Yu.D.  Biliks 

The  effect  of  ionizing  radiation  on  the  organism  la  very 
complex.  In  addition  to  an  immediate,  direct  effect  on  cells  and 
tissues,  an  indirect  effect  on  the  organism  takes  place  through 
the  nervous  and  primarily  the  humoral  system. 

The  blood  is  of  fundamental  Importance  in  the  transmission 
of  the  radiation  effect.  It  is  well  known  [1-6]  that  the  blood 
in  an  irradiated  organism  acquires  new  biological  properties. 

This  condition  of  the  blood  has  been  called  toxemia. 

Toxi  ,ity  of  the  blood  appears  in  the  early  periods  after 
irradiation  (1  day)  [4].  It  has  also  been  shown  [2]  that  the  blood 
flowing  out  of  different  organs  has  different  biological  proper¬ 
ties,  that  is,  it  Is  assumed  that  It  contains  various  radlotoxlns 
[RT]  (PT)  [2].  The  fact  that  In  in  vivo  as  well  as  in  vitro  ex¬ 
periments  the  blood  from  an  Irradiated  animal  caused  changes  In  a 
number  of  systems  and  organs  of  a  healthy  (unlrradlated)  organism 
was  promising  for  a  study  of  toxemia  in  radiation  sickness.  It 
has  been  shown  [2,  A]  that  "Irradiated"  bxood  has  an  Inhibitory 
effect  on  the  hemogenesls  system.  In  this  case  the  changes  in 
hemopoiesis  were  analogous  to  changes  occurring  In  the  organism 
after  irradiation. 

Radlotoxlns  which  develop  from  the  effeot  of  Ionizing  radia¬ 
tion  on  the  organism  not  only  affect  the  hemogenesls  system  but 
also  causr  by  humoral  means  complex  correlative  changes  in  a 
whole  series  of  organs  and  systems.  Experiments  on  rat-parabionts 
established  [7]  changes  in  the  biocurrents  of  the  brain  of  the 
unirradiated  partner.  The  Investigations  of  M.  Pedotova  shw:*ed 
the  effect  of  the  toxemic  factor  on  the  intestinal  and  liver  tis¬ 
sue  of  the  unlrradlated  parabiont  [33. 

Thus,  in  the  first  stage  of  the  work  it  was  possible  to  ob¬ 
tain  convincing  evidence  of  the  role  of  the  humoral  component  aa 
one  of  the  pathogenetic  mechanisms  of  the  development  of  radiation 
sickness.  However,  the  question  of  the  nature  and  mechanisms  of 
the  development  of  toxemia  In  radiation  sickness  haa  remained 
practically  unstudied  up  to  the  present  time. 

In  the  present  work  the  role  of  the  protein  component  In 
the  onset  and  development  of  "radiation*  toxemia  was  investigated. 
Among  the  few  investigation*  In  this  direction,  there  are  indirect 
data  Indicating  a  protein  nature  of  the  humoral  factors  which 
cause  the  development  of  toxemia.  Linser  and  Hellber,  Kershman 
and  Haupp  inactivated  the  serum  of  Irradiated  animals,  depriving 
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it  of  the  most  toxic  properties,  by  heating  it  to  a  temperature 
of  60°  for  0.5  hr. 

Kuznetsova  [9]  in  a  study  of  the  humoral  factors  of  the  ir¬ 
radiated  organism  also  found  that  the  substance  Investigated  is 
thermolabile  and  is  contained  in  the  albumin  and  globulin  frac¬ 
tion.  It  turned  out  that  these  factors  do  not  go  into  the  fil¬ 
trate  during  ultrafiltration  and  into  the  dialysate  during  dialy¬ 
sis  of  the  serum. 

The  facts  which  have  been  presented  are  only  approximate 
since  the  investigators  did  not  conduct  a  thorough  study  of  the 
protein  components  under  investigation,  but  only  limited  them¬ 
selves  to  a  determination  of  the  proteins'  resistance  to  heating 
and  the  capacity  for  filtration  of  the  biologically  active  solu¬ 
tions  through  aemipermeable  membranes. 

There  is  no  information  at  all  in  the  literature  on  the 
question  of  what  types  of  proteins  are  responsible  for  the  tox¬ 
emic  effect  of  the  blood  of  irradiated  animals.  There  are  only 
Pett  and  grass '  indications  of  a  dependence  of  the  toxemic  effect 
on  polypeptides  and  peptones  [cited  by  Ludwig]. 

Individual  immunological  stuuies  speak  in  favor  of  the  pro¬ 
tein  nature  Of  the  toxemic  factor.  Sverdlov  (see  this  collection, 
page  250),  by  perfusing  an  irradiated  rabbit  ear,  found  a  change 
in  the  antigenic  qualities  of  the  perfusate  by  the  Zil'ber  method 
of  anaphylaxis  with  desensicization. 

The  data  of  Klemparskaya  et  al.  [10],  who  established  In  ex¬ 
periments,  by  screening  the  extremities  during  total  irradiation 
of  animals,  that  fewer  cytolysins  are  produced  in  the  blood  of 
protected  animals  than  in  unprotected,  deserve  special  attention. 
We  are  inclined  to  consider  this  increase  in  cytolysins  which 
Klemparskaya  and  colleagues  pointed  out  as  one  possible  cause  of 
the  toxemia.  Moreover,  the  biological  properties  of  the  cytolysins 
are  already  known.  The  increase  in  the  cytolysin  content  of  irra¬ 
diated  tissues  is  connected  with  the  appearance  of  certain  protein 
agents . 

The  assumption  concerning  the  specific  Importance  of  the 
cytolysins  -  antibodies  -  In  toxemia  is  also  in  accord  with  the 
fact  of  the  appearance  of  antileucocytic  antibodies  in  the  or¬ 
ganism  in  chronic  radiation  sickness  [11]. 

In  recognizing  the  protein  nature  of  the  toxemic  agents,  it 
is  impossible  to  forget  about  immune  mechanisms  as  consequences 
of  the  appearance  of  the  indicated  agents.  An  explanation  of  this 
possible  means  of  realizing  the  "toxemic"  effect  is  very  impor¬ 
tant  since  the  data  of  immunohematology  concerning  the  detection 
of  autoantibodies  in  various  diseases  of  the  blood  system  are 
fully  applicable  to  an  explanation  of  the  disturbances  in  the 
hemopoiesis  of  healthy  recipient  dogs  observed  in  a  study  of  tox¬ 
emia. 


These  facts  stimulated  the  authors  to  study  the  biological 
activity  of  the  perfusate,  to  determine  the  mechanisms  of  its 

-  238  - 


toxic  effect  and  to  investigate  the  proteins  which  were  washed 
out  of  the  tissues  of  irradiated  animals.  Principal  attention 
was  given  to  the  globulin  fraction  of  the  perfusate:  fundamental 
importance  is  attached  to  globulin  in  immunology  since  the  glob¬ 
ulin  fraction  contains  the  bulk  of  the  antibodies. 

A  method  used  for  studying  the  mechanism  of  toxemia  —  the 
tissue  perfusion  method  -  was  used  in  the  experiments.  We  carried 
out  perfusion  of  the  extremities  of  irradiated  and  unirradiated 
dogs.  The  dogs  received  one  total  irradiation  in  a  three-tube  x- 
ray  apparatus  in  a  dose  of  8C0  r.  The  dose  rate  was  17  r/min  at  a 
voltage  of  180  V:v  and  a  current  strength  of  14  ma;  the  filters 
consisted  of  an  0.5  mm  copper  and  1  mm  aluminum  layer.  The  perfu¬ 
sion  fluid  was  collected  and  the  amount  of  cellular  elements  was 
determined  in  individual  portions  of  the  perfusate. 

There  are  statements  in  the  literature  [1-3]  that  humoral 
factors  wnich  cause  one  of  the  manifestations  of  toxemia  during 
radiation  sickness  -  changes  in  the  blood,  are  produced  in  ir- 
radiated  myeloid  tissue.  Moreover,  the  idea  of  the  possible  role 
of  the  cellular  elements  of  the  blood  and  bone  marrow  appeared  on 
the  oasis  of  data  concerning  a  decrease  in  the  cell  content  cf 
irradiated  bone  marrow  as  a  result  of  perfusion.  It  was  assumed 
chat  very  intensive  washing  out  of  elements  of  the  peripheral 
blood  from  the  Irradiated  tissues  occurs  and  that  at  the  same 
time  bone  marrow  cells  appear  in  the  perfusate. 

In  order  to  confirm  the  assumptions  which  were  made,  the 
morphological  composition  of  the  perfusate  was  studied  qualita¬ 
tively  and  quantitatively  during  the  operation  which  was  con¬ 
ducted. 

Observation  of  the  cellular  composition  of  the  perfusate  did 
not  establish  any  changes  in  the  leucocytic  formula  due  to  perfu¬ 
sion  or  the  appearance  of  bone  marrow  cells  in  the  perfusate  (Pig. 
1) . 


In  comparing  various  data,  it  can  be  assumed  that  the  toxic 
factor  does  not  have  to  be  whole  bone  marrow  cells,  but  products 
of  their  massive  decomposition,  as  well  as  cells  changed  in  an 
antigenic  respect. 

On  the  basis  of  data  on  the  possibility  of  demonstrating  dis¬ 
turbances  in  hemopoiesis  by  means  of  immune  reactions,  the  au¬ 
thors  assumed  that  these  humoral  factors  may  be  autoantigens  which 
develop  in  myeloid  tissues  after  irradiation.  It  is  already  known 
[12,  13]  that  autoantigens  are  produced  in  certain  tissues  of  an 
irradiated  organism.  However,  similar  indications  with  respect  to 
the  myeloid  tissues  have  still  not  been  encountered. 

The  antigenic  properties  of  the  myeloid  tissue  were  demon¬ 
strated  by  the  Zil’ber  method  of  active  anaphylaxis  with  desenslti- 
zatlon.  Bone  marrow  of  dogs  removed  before  irradiation  and  3  days 
after  irradiation  was  used  as  the  antigen.  The  results  of  the 
experiments  showed  that  after  irradiation  the  bone  marrow  of  the 
dogs  acquires  new  antigenic  properties. 
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Pig.  1.  Content  of  erythrocytes  (graph  a)  and  leucocytes  (graph 
b)  in  perfusate.  1)  Irradiated  dogs;  2)  unirradiated  dogs. 


It  is  known  that  the  presence  of  cytolysins  in  the  organism 
can  have  an  injurious  effect  on  the  tissues.  Based  on  the  data 
of  Klemparskaya  et  al.  [8-10]  on  the  appearance  of  cytolysins  in 
irradiated  animals,  an  attempt  was  made  to  determine  the  cytolo- 
gical  activity  of  the  perfusate.  Klemparskaya' s  method,  in  which 
cytolytic  activity  was  demonstrated  by  the  perfusate's  effect  on 
the  leucocytes  of  the  donor  dog  Itself,  was  used  (Fig.  2).  A  sig¬ 
nificant  increase  in  cytological  activity  of  the  perfusate  was 
found  during  the  35  min  of  washing  which  is  clearly  connected 
with  the  washing  out  of  cytolysins  from  the  deep  regions  of  the 
tissues. 

The  available  indications  concerning  the  protein  nature  of 
the  toxic  factors  and  our  own  observations  on  an  increase  in  the 
cytolytic  activity  of  the  perfusate  stimulated  the  authors  to  in¬ 
vestigate  the  proteins  washed  out  of  the  tissues  and  contained  in 
the  perfusate. 

The  globulin  fraction  was  obtained  by  the  method  of  salting 
out  with  ammonium  sulfate  at  50%  saturation  of  the  solution. 

It  has  been  established  by  the  investigations  of  a  number 
of  authors  [12-14]  that  there  is  a  change  in  the  antigenic  prop¬ 
erties  of  certain  tissues  of  Irradiated  dogs. 
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In  connection  with  this  it  was  of  interest  to  study  the  anti¬ 
genic  properties  of  the  y-globulin  isolated.  The  antigenic  proper¬ 
ties  of  the  protein  were  studied 
by  three  methods:  in  the  model  of 
Zil'ber  general  anaphylaxis  with 
desensitization  in  guinea  pigs, 
by  reproducing  local  anaphylaxis 
in  rabbits  (the  Artyus-Sakharov 
phenomenon)  and  by  determining 
antibody  production  in  a  comple¬ 
ment  fixation  reaction. 

In  the  experiments  on  ana¬ 
phylaxis  with  desensitization  a 
Time,  min  comparison  was  made  of  the  anti¬ 

genic  properties  of  globulin  iso- 
Fig.  2.  The  cytological  ac-  lated  from  the  same  dog  before  and 
tivity  of  the  perfusate  after  irradiation, 

with  respect  to  leucocytes. 

1)  Irradiated  dogs;  2)  un-  We  succeeded  in  establishing 

irradiated  dogs.  by  experiments  on  reproduction  of 

local  anaphylaxis  as  well  as  in 
experiments  with  general  anaphyl¬ 
axis  a  decrease  in  the  antigenic 
properties  of  the  y-globulln  frac¬ 
tion  isolated  from  a  perfusate  of  irradiated  dog  tissues.  This 
was  expressed  in  the  fact  that  in  guinea  pigs  sensitized  with  the 
globulin  from  a  perfusate  of  irradiated  dogs  [QPID]  (rnoc),  com¬ 
plete  desensitization  could  be  achieved  by  the  injection  of  the 
globulin  from  a  perfusate  or  unirradiated  dogs  [QPUD]  (RlHC)  and 
on  the  other  hand,  in  the  impossibility  of  obtaining  desensitiza¬ 
tion  in  pigs  sensitized  with  QPUD  when  Injected  with  QPID.  After 
desensitization  the  guinea  pigs  sensitized  with  QPID  did  not  react 
to  injection  of  the  antigen.  At  the  same  time,  a  positive  reaction 
was  always  noted  in  guinea  pigs  sensitized  with  QPUD  in  response 
to  a  resolving  injection  of  QPUD. 

A  decrease  in  the  content  of  the  antigens  in  the  globulin 
fraction  of  the  perfusate  of  irradiated  dogs  Is  also  shown  in 
experiments  on  the  reproduction  of  the  Artyus-Sakharov  phenomenon. 
Rabbits  were  subcutaneously  injected  at  M-day  intervals  with 
QPUD  or  QPID.  In  the  experiments  1  and  5  mg  samples  were  used 
which  were  dissolved  «x  tempore  in  1  ml  of  physiological  solution. 
The  time  of  the  appearance  of  positive  reactions  depended  on  the 
antigenic  properties  and  the  amount  of  globulin  inj acted.  In  the 
case  in  which  the  rabbits  were  injected  with  5  nig  of  QPUD,  there 
was  a  positive  reaction  to  its  fourth  injection,  whereas  QPID  did 
not  produce  a  reaction  even  on  the  ninth  injection.  One  rag  sam¬ 
ples  of  QPUD  caused  a  positive  reaction  after  the  seventh  injec¬ 
tion,  whereas  QPID  did  not  produce  a  reaction  after  the  tenth 
injection. 

It  was  possible  to  compare  the  observed  changes  in  antigen¬ 
icity  with  the  organism's  capacity  to  produce  antibodies  against 
the  homologous  globulin  which  was  injected.  Six  doge  from  one 
litter  were  immunized  with  globulin  in  an  amount  of  16  mg  per  kg 
of  weight.  Three  dogs  were  immunized  with  QPUD  and  the  other 
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three  with  GPID  (the  GPID  and  GPUD,  as  indicated  above,  were  iso¬ 
lated  from  the  same  donor  dog).  The  antibodies  were  determined  in 
a  complement  fixation  reaction.  The  same  globulin  which  was  used 
for  immunization  (dissolved  ex  tempore  in  physiological  solution) 
was  used  as  the  antigen  in  the  reaction.  The  working  dose  of  glob¬ 
ulin  was  0.004  mg/ml. 


The  results  of  the  experiments  are  presented  in  the  table. 

Complement  Fixation  Reaction  [CFR]  (PCtC)  in 
Dogs  After  Injection  of  Globulin  Fraction* 


ttfWMfl 
nocrawowof 
PCK  nocM 

MCfttfMfl 

rfloftyxmM. 

mam* 

PCK  imaie  MexenHM  ivkvW.iwiji 

ilpeMSt 

ItOCTaHOtKH 

PCK  muie  nexeHH*  rmflyxima 

.wortJiyiteH- 
^  hoto. 

4 

PCK  noeM 
meawlie 
.  rooftyjiMM. 

L 

ettMrtffyiM' 

2  woroe 

•jrtiiywmore. 

2nd 

0/3 

1/3(1  : 320) 

sth 

0/3 

3/3(1  :  160) 

3rd 

1/3(1  : 20) 

2/3(1  : 320) 

6th 

0/3 

2/3(1  : 30) 

4th 

0/3 

3/3(1 : 640) 

7th 

0/3 

2/3(1  :  10) 

•Numerator  -  number  of  positive  samples;  de¬ 
nominator  -  number  of  samples  set  up. 

1)  Titae  of  CFR  after  globulin  injection,  weeks 

2)  CFR  after  globulin  injection 

3)  "Unirradiated" 

4)  "Irradiated" 


It  is  seen  from  the  table  that  antibodies  were  not  produced 
to  the  injection  of  GPUD.  After  the  injection  of  GPID  antibodies 
were  found  between  the  2nd  and  the  6th  weeks  after  immunization. 

In  addition  to  a  determination  of  the  antigenic  character¬ 
istics  of  the  y-globulin  isolated  from  a  tissue  perfusate  of  ir¬ 
radiated  dogs,  the  study  of  the  biological  effect  of  the  globulin 
Isolated  on  healthy  dogs  was  of  special  interest.  A  determination 
of  the  biological  properties  of  "irradiated"  globulin  in  compari¬ 
son  with  the  effect  which  the  injection  of  a  globulin  fraction 
from  unirradiated  dogs  causes  could  produce  fundamental  informa¬ 
tion  concerning  the  significance  that  this  protein  has  in  the 
development  of  toxemic  manifestations  during  radiation  sickness. 

The  present  investigation  had  as  its  goal  the  determination 
of  the  biological  effect  of  the  globulin  fraction  with  respect 
to  hemopoiesis  and  the  lmmunoblologlcal  reactivity  of  the  organ¬ 
ism.  Samples  of  Y-globulin  In  an  amount  of  16  mg  per  kg,  dissolved 
ex  tempore  in  40  ml  of  physiological  solution,  were  injected  in¬ 
travenously  into  healthy  dogs.  Six  pairs  of  dogs  were  used  in  the 
experiment:  three  pairs  were  from  the  same  litter,  the  other 
three  pairs  were  selected  according  to  weight,  sex  and  peripheral 
blood  indices.  Six  series  of  globulin  preparations  were  tested 
(the  Y-globulin  was  isolated  from  a  tissue  perfusate  of  the  same 
dog  before  irradiation  and  3  days  after  irradiation). 

The  state  of  hemopoiesis  and  the  lmmunoblologlcal  reactiv¬ 
ity  of  the  organism  was  studied  in  detail  in  the  dogs  before  and 
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after  the  globulin  injection. 


Soon  after  the  yglobulin  injection  a  definite  reaction  was 
noted  in  11  of  the  12  dogs.  It  consisted  in  the  mucosa  becoming 
pale,  sluggishness,  slight  dyspnea  and  sometimes  vomiting.  Only 
one  dog  did  not  show  any  reaction  to  the  injection  of  GPUD.  The 
reaction  described  was  brief  and  on  the  following  day,  as  a  rule, 
the  dogs*  general  condition  was  good.  In  a  comparison  of  the  gen¬ 
eral  state  of  the  animals  which  received  GPUD  and  GPID,  there 
were  certain  differences.  They  consisted  in  the  fact  that  the 
dogs  which  received  GPID  withstood  the  procedure  which  waa  car¬ 
ried  out  less  well.  In  these  dogs,  in  addition  to  the  symptoms 
indicated,  the  body  temperature  rose  to  40°  on  the  1st,  2nd,  6th 
and  7th  days,  diarrhea  appeared  and  conjunctivitis  developed. 

The  blood  picture  changed  after  the  globulin  injection.  In 
the  first  3  hrs  after  the  injection  of  each  of  the  globulins,  a 
decrease  was  noted  in  the  amount  of  leucocytes  in  the  peripheral 
blood.  After  6  hrs  the  number  of  leucocytes  equaled  the  initial 
number,  and  after  24  hrs  it  increased  to  2101  of  the  initial  num¬ 
ber  (Fig.  3).  In  this  case,  the  leucocytosis  in  response  to  the 
injection  of  GPID  was  much  less  (1701)  after  24  hrs.  On  the  3rd 
day  the  number  of  leucocytes  returned  to  the  initial  level  antT" 
did  not  change  considerably  in  the  future. 

In  a  calculation  of  the  leucocytic  formula,  an  increase  in 
the  absolute  number  of  eosinophils  was  noted  in  five  of  the  six 
animals  which  received  GPID.  The  eosinophil  content  was  increased 
2-3  times  from  the  5th  day  of  the  experiments  in  comparison  with 
their  number  before  the  beginning  of  the  experiment.  (The  initial 
state  was  Judged  from  4-5  analyses.)  After  the  injection  of  GPUD 
only  one  dog  out  of  the  six  showed  an  increase  in  the  number  of 

eosinophils.  In  the  rest  of  the  dogs  a  decrease  was  observed  in 

comparison  with  the  initial  data.  As  an  illustration,  the  eosino¬ 
phil  content  of  one  pair  of  dogs  in  which  one  dog  was  injected 

with  GPUD  and  the  other  with  GPID  is  presented  in  Fig.  4. 

The  injection  of  y-globulin  caused  both  in  the  experimental 
and  control  groups  of  dogs  a  decrease  in  the  number  of  thrombo¬ 
cytes  24  hrs  after  the  beginning  of  the  experiment.  The  number 
of  thrombocytes  changed  in  four  out  of  the  six  dogs  in  each  group. 
In  the  rest  of  the  animals  the  index  remained  at  the  original 
level  or,  on  the  other  hand,  exceeded  it.  Later,  the  number  of 
blood  platelets  was  gradually  reduced.  In  this  case  the  recovery 
of  the  dogs  which  received  GPID  proceeded  slowly.  Average  data 
on  the  thrombocyte  content  in  the  two  groups  of  dogs  is  presented 
in  Fig.  5. 

Specific  disturbances  were  found  in  computing  the  myelograms 
of  the  bone  marrow  punctures  of  these  dogs.  The  bone  marrow  of 
three  control  and  three  experimental  animals  was  examined.  The 
nature  of  the  changes  waa  the  same  in  all  three  dogs  in  each 
group.  The  state  of  erythropolesls  is  shown  in  Fig.  6.  In  animals 
which  received  GPID,  the  number  of  cells  of  early  generations, 
young  forms  and  the  total  number  of  erythrob lasts  decreases.  Re¬ 
generation  processes  (regeneration  index)  were  temporarily  re¬ 
tarded  although  the  transformation  of  the  cells  (maturation  index) 
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GPUD  Injection. 


Time,  days 


Pig.  4.  Eosinophil  oontent. 
a)  After  QPID  injection;  b) 
after  OPUD  injection.  Cross- 
hatohed  area  -  control. 


Pig,  5,  Thrombocyte  con¬ 
tent.  1)  After  OPID  in¬ 
jection;  2)  after  OPUD 
injeotion. 


did  not  change.  Changes  in  the  number  of  reticulooytes  in  the 
periphery  corresponded  to  the  disturbances  in  the  bone  marrow.  In 
one  case,  on  the  5th  day  of  the  experiment  reticulooytes  were  not 
found  in  the  smearTlThere  was  no  change  in  the  number  of  erythro- 
oytes.  The  amount  of  other  oellular  elements  changed  slightly  and 
Irregularly. 

The  organism’s  lmmunobiologloal  reactivity  is  considerably 
inhibited  during  irradiation:  the  skin*s  baotericldal  capacity  Is 
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decreased  [15],  the  phagocytic  activity  of  the  blood  neutrophils 
Is  suppressed  [16]  and  lysozyme  production  in  the  saliva  decreases 
[15]. 


Pig.  6.  State  of  erythropoieais. 
1)  After  GPID  injection;  2) 
after  GPUD  injection. 


In  connection  with  this,  it  seemed  of  definite  interest  to 
study  tne  changes  in  the  immunological  reactivity  of  healthy  dogs 
after  the  injection  of  the  globulin  of  a  perfusate  of  irradiated 
animals.  The  state  of  lmmunoblological  reactivity  was  Judged  from 
the  phagocytic  activity  of  the  blood  neutrophils  and  the  bacteri¬ 
cidal  properties  of  the  skin.  Determination  of  the  phagocytic  tc- 
tivity  of  the  blood  neutrophils  with  respeot  to  a  living  cultuza 
of  Staphylooooout  albuj  "Lepin"  was  carried  out  by  the  standard 
method  as  modified  by  Alekseyeva  [IT].  The  percentage  of  phagoey- 
toslng  neutrophils  per  hundred  counted  was  calculated,  as  well 
as  the  phagooytio  index  -  the  number  of  cocci  phagocytlsed  by 
one  neutrophil.  The  skin’s  bactericidal  properties  were  studied 
by  Klemparskaya’s  method  [17].  Impressions  were  taken  from  the 
lateral  surfaoes  of  the  dog’s  trunk. 

In  the  study  of  these  Indices  both  the  general  and  the  dif¬ 
ferent  features  of  the  ohange  in  the  organism’s  lmmunoblological 
reactivity  depending  on  the  qualitative  characteristics  of  the 
globulin  injected  were  demonstrated. 

The  phagooytio  activity  was  determined  on  the  day  of  the 
experiment  1,  3  and  6  hrs  after  the  globulin  lnjeotlon,  then  for 
10  days  at  intervals  of  2  days  and  after  this,  onoe  a  week.  Ob¬ 
servations  were  carried  out  for  4-5  weeks  after  the  globulin  in¬ 
jection. 

The  general  nature  of  the  change  in  phagooytio  activity  was 
observed  In  the  period  of  1-3  days.  Immediately  after  the  lnjeo- 
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tion  of  OPID  and  GPUD  activation  of  phagocytosis  was  noted.  It 
was  greater  after  the  Injection  of  GPUD.  After  3  days  the  phago¬ 
cytic  activity  returned  to  the  Initial  level  In  dogs  which  had 
been  Injected  with  GPUD  and  was  lower  than  the  original  background 
In  dogs  after  the  Injection  of  OPID.  The  activation  which  was 
noted  was  short-lived.  Prom  the  3rd  day  clear  differences  In  this 
Index  were  demonstrated:  In  dogs  wKich  were  Injected  with  GPUD, 
the  phagocytic  activity  decreased  to  normal  and  later  varied  with¬ 
in  the  range  of  the  original  values,  whereas  in  dogs  after  GPID 
Injection,  a  significant  suppression  of  phagocytosis  was  noted 
which  was  retained  up  to  the  10th  day  of  observation.  On  subse¬ 
quent  days  the  phagocytic  activity  of  the  blood  neutrophils  re¬ 
turned  to  the  original  level. 

Data  on  the  changes  In  the  percentages  of  actively  phagocy- 
tlzlng  neutrophils  In  dogs  after  the  Injection  of  GPUD  and  GPID 
are  presented  In  Fig.  7.  The  phagocytic  Indices  are  not  presented 
here  since  they  always  corresponded  to  the  changes  In  the  percent¬ 
age  of  actively  phagocytlslng  neutrophils.  Statistical  treatment 
confirmed  the  reliability  of  the  results  obtained.  A  comparison 
of  the  values  of  the  phagocytic  activity  of  the  two  groups  of  dogs 
showed  that  5  and  10  days  after  the  Injection  of  globulin  t  >  3 
and  p  >  95S. 


Pig.  7.  Phagocytlo  ac¬ 
tivity  of  blood  In  dogs. 

1)  After  GPID  injection; 

2)  after  GPUD  Injection. 


Time,  days 


Pig.  8.  Bactericidal  In¬ 
dex  of  skin.  1)  After 
GPID  Injection;  2)  after 
GPUD  lnjeotlon. 


The  bactericidal  properties  of  the  dogs'  skin  were  deter¬ 
mined  In  the  same  periods.  Data  concerning  changes  In  the  baoter- 
loldal  Index  (percentage  of  dead  colonies  5  min  after  application 
of  *.  oo li  to  the  skin)  In  the  two  groups  of  dogs  are  presented 
In  Pig.  8.  Several  general  patterns  were  also  demonstrated  from 
a  study  of  the  bactericidal  index  of  the  skin  of  dogs  after  their 
Injection  with  GPUD  or  GPID.  During  the  1&  day,  especially  1  hr 
after  Injection  of  the  globulins,  a  decrease  was  observed  In  the 
skin's  bactericidal  properties  In  all  the  animals:  slight  In  those 
animals  which  were  Injected  with  QPUD  and  sharp  In  dogs  after  the 
Injection  of  GPZD.  In  these  dogs  the  bactericidal  index  of  the 
skin  1  hr  after  globulin  injection  decreased  80S  In  conparlson 
with  the  original  values,  whereas  in  dogs  after  the  lnjeotlon  of 
QPUD,  the  decrease  was  no  more  than  20S.  Later  the  bactericidal 
properties  of  the  skin  became  normal.  In  dogs  which  were  injected 
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with  SPUD,  it  did  not  change  significantly  over  the  course  of  the 
entire  experiment. 

Other  changes  were  observed  In  the  animals  after  the  Injec¬ 
tion  of  QPID.  The  bactericidal  properties  of  the  skin  which  had 
increased  somewhat  after  1  day  of  the  experiment  (however,  they 
nevertheless  remained  below  the  original  data)  again  decreased 
on  the  5th-10th  day  and  then  on  the  21st  day  after  Injection  of 
the  globulin. “Thus,  the  Injection  of  QFTd  significantly  changed 
the  lmmunoblologlcal  reactivity  of  healthy  dogs. 

The  Investigations  which  were  conducted  first  of  all  showed 
a  change  in  the  antigenic  properties  of  the  myeloid  tissue  after 
irradiation.  This,  in  our  opinion,  can  be  one  of  the  causes  of 
the  development  of  toxemia  during  radiation  sickness.  It  can  be 
assumed  that  the  disturbances  In  hemopoiesis  developing  after 
irradiation  are  caused  not  only  by  the  direct  effect  of  radiation 
but  also  by  immune  processes  through  the  production  of  antibodies 
against  bone  marrow  cells  which  are  changed  in  an  antigenic  re¬ 
spect. 

We  did  not  succeed  in  establishing  a  washing  out  of  the  mor¬ 
phologically  recorded  cells  of  the  donor’s  bone  marrow  in  a  study 
of  the  perfusate.  It  Is  most  likely  that  the  toxemic  factors  are 
cell  decomposition  products,  namely,  their  protein  components. 

On  the  one  hand,  the  Increase  In  the  leucolytlc  activity  of  the 
perfusate  Itself,  and,  on  the  other,  the  biological  effect 
which  was  observed  In  in  vivo  experiments  after  QPID  Injection 
Indicate  this . 

The  increase  In  the  cytolytic  activity  of  a  perfusate  of 
irradiated  tissues  clearly  can  be  considered  as  the  washing  out 
of  antibodies  (eytolysins)  against  cells  which  are  antlgenleally 
changed  from  the  donor's  bone  marrow. 

After  the  Injection  of  QPID  a  change  In  hemopoiesis  (erythro- 
blsstic  part)  was  noted  in  healthy  dogs,  which  coincided  with 
those  disturbances  which  were  observed  earlier  in  the  recipient 
dogs  after  their  perfusion  with  blood  from  Irradiated  donor  tis¬ 
sues.  The  injection  of  QPID  Into  healthy  animals  also  caused  a 
decrease  in  the  lmmunoblologloal  reactivity  of  their  organisms 
which  was  expressed  In  a  decrease  in  the  phagooytlo  aotlvlty  of 
the  blood  neutrophils  and  the  skin's  baeterloldal  properties.  All 
these  changes  are  similar  to  the  change  in  the  organism's  reac¬ 
tivity  during  radiation  sickness. 

Thus,  the  experiments  which  were  conducted  compel  one  to 
think  that  the  toxemlo  factor  In  radiation  sickness  oan  be  the 
globulin  fraction  of  the  Irradiated  organism's  blood. 

It  was  shown  in  experiments  on  anaphylaxis  with  desensltlsa- 
tlon  that  QPID  contains  fewer  antigenic  complexes  than  QPQD.  Ex¬ 
periments  on  the  reproduction  of  local  anaphylaxis  (Arty us -Sakha¬ 
rov  experiments)  confirm  these  data.  Our  Ideas  in  this  respect 
agree  with  the  Investigations  of  Chudnovsklkh  and  Rodionov  £183, 
who  by  a  detailed  analysis  of  the  protein  structure  of  Irradiated 
and  unirradiated  dogs  showed  the  absence  of  three  peptides  from 
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the  serum  globulin  of  irradiated  dogs.  The  decrease  in  antigen¬ 
icity  observed  has  a  sufficient  effect  on  the  isoantigenicity  of 
the  GPID  since,  on  ceing  injected  into  the  same  species  of  healthy 
animals,  it  causes  the  production  of  antibodies  against  Itself. 

As  has  been  shown,  an  increase  in  the  absolute  number  of  eo¬ 
sinophils  occurred  in  response  to  the  injection  of  GPID  into  the 
blood  of  healthy  dogs.  Considering  the  literature  data,  it  can 
be  thought  that  this  to  some  degree  indicates  allergization  of 
the  organism. 

Thus,  the  data  obtained  indicate  the  real  possibility  of  the 
development  of  autoimmune  reactions  through  the  protein  part  of 
the  perfusate.  The  data  obtained  also  reinforce  our  opinion  that 
these  autoimmune  reactions  are  part  of  the  general  m&chahls®  of 
toxemia  in  radiation  sickness.  However,  it  is  still  impossible  to 
say  at  the  present  time  whether  the  leading  role  ir.  the  develop¬ 
ment  of  toxemia  belongs  to  the  changed  globulin  fraction,  since 
the  biological  significance  of  other  protein  Ow..*,onents  of  the 
blood  and  its  lipid  fraction  in  the . manifestation  of  toxemia  is 
still  unknown. 

It  is  quite  likely  that  the  substances  causing  the  toxemic 
effect  in  radiation  sickness  are  heterogeneous  in  nature.  Ludwig's 
data  [193  from  a  study  of  the  remote  effect  during  local  tissue 
irradiation  speak  for  this.  According  to  his  information,  such 
effects  as  tumor  regression^  retardation  of  mitosis  and  Inhibition 
of  thymonuclelc  sold  synthesis  can  be  caused  by  different  factors. 
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THE  PARTICIPATION  OF  HUMORAL  TOXIC  AGENTS  IN  THE  DEVELOPMENT 
OF  SOME  SYNDROMES  OF  RADIATION  SICKNESS 

A.G.  Sverdlov 

(USSR  Academy  of  Sciences  Moscow 
Joffe  Physico-Technical  Institute) 

Thanks  to  recent  studies  [1-7]  in  radiobiology,  concepts  of 
the  pathogenetic  significance  of  toxic  agents  produced  during  ir¬ 
radiation  have  been  confirmed.  It  has  become  clear  that  radio- 
toxins  [RT]  (PT),  whatever  their  nature  may  be,  are  included  as 
one  link  in  the  chain  of  pathological  changes  leading  to  radia¬ 
tion  sickness.  Judging  by  the  literature  data,  the  toxins  perform 
a  dual  role:  on  the  one  hand,  they  can  participate  in  the  devel¬ 
opment  of  irradiated  cell  injury,  acting  as  one  of  the  primary 
mechanisms  of  radiation  damage  [8]  and  on  the  other,  they  can 
serve  as  an  important  mechanism  of  the  indirect  (remote)  effects 
of  radiation  [1-3,  6]. 

However,  the  study  of  the  radiation  toxic  effect  on  mammals 
has  centered  mainly  on  changes  in  the  morphological  composition 
of  the  blood  and  organs  of  hemogenesis  [5,  9-11],  whereas  the 
participation  of  RT  in  other  syndromes  of  radiation  sickness  has 
been  little  studied. 

However,  there  are  data  pointing  to  the  pathogenetic  role 
of  the  toxic  factors  in  many  other  important  manifestations  of 
radiation  sickness. 

In  the  experiments  which  are  being  described  intact  rabbits 
were  injected  intravenously  with  perfusates  of  an  irradiated  rab¬ 
bit  femur  which  was  isolated  in  a  vascular  respect  from  the  organ¬ 
ism.  Ringer-Locke  solution  was  used  for  the  perfusion.  Irradiation 
was  carried  out  in  an  RUM-3  apparatus  with  a  dose  of  2000  r.  (The 
dose  rate  was  53  r/min,  the  hardness  of  the  rays  was  180  kv  with 
G.5  mm  copper  and  1.0  mm  aluminum  filters.)  The  perfusate  was  col¬ 
lected  during  the  irradiation  and  for  20  min  afterward  and  in¬ 
jected  in  an  amount  of  40  ml  per  kg  of  weight.  In  addition  to  the 
usual  blood  examination,  the  number  of  thrombocytes  and  the  coa¬ 
gulability  according  .to  Burker's  method  were  determined  in  the  re¬ 
cipients  . 

In  control  experiments  the  recipients  were  injected  with 
perfusates  of  unirradiated  femur.  The  experiments  were  carried 
cut  on  45  animals  (15  of  them  were  controls).  The  results  are 
presented  in  the  table  and  in  Pig.  1. 
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It  is  seen  from  the  table  that  in  the  experimental  animals 
from  the  3rd  day  of  the  observations  a  gradual  lengthening  of  the 
blood  coagulation  time  begins.  At  the  end  of  the  second  week  this 
index  is  increased  almost  75%  with  respect  to  the  original  value. 


Effect  of  Perfusate  from  Irradiated  and  Unir¬ 
radiated  Femur  on  Blood  Coagulability  and 
Thrombocyte  Content 
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Fig.  1.  Change  in  number  of  thrombocytes  and  blood  coagulation 
time  from  the  effect  of  toxic  agents.  1)  Experimental;  2)  control. 


As  shown  in  Fig.  1,  a  decrease  in  coagulability  is  noted  for  a 
long  time.  During  the  third  week  the  coagulation  time  begins  to 
shorten,  but  this  process  occurs  slowly  and  at  the  end  of  the 
third  week  it  is  still  far  from  concluded. 

Simultaneously  with  the  decrease  in  blood  coagulability,  a 
decrease  is  recorded  in  the  number  of  thrombocytes,  reaching  its 
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greatest  degree  at  the  end  of  the  first  and  beginning  of  the  sec¬ 
ond  week.  From  the  middle  of  the  second  week  of  the  experiment 
the  number  of  thrombocytes  increases  and  it  reaches  the  original 
values  at  the  end  of  the  third  week. 

Thus,  from  the  effect  of  RT  from  irradiated  tissues  such 
characteristic  components  of  the  hemorrhagic  syndrome  as  a  de¬ 
crease  in  blood  coagulating  properties  and  a  decrease  in  the 
thrombocyte  content  appear.  It  is  necessary  to  add  to  this  that 
the  decrease  in  coagulability  does  not  develop  in  parallel  with 
the  thrombopenia,  and  is  retained  somewhat  longer  than  the  latter. 
This  evidently  indicates  that  the  toxic  factor  affects  some  links 
of  the  blood  coagulation  system  besides  the  blood  platelets  and 
is  clearly  capable  by  various  means  of  participating  in  the  de¬ 
velopment  of  hemophilia  under  the  influence  of  irradiation. 

One  of  these  means  may  be  the  effect  of  the  toxic  agents  on 
the  tonus  of  the  blood  vessels.  As  the  observations  showed,  the 
toxic  agents  from  irradiated  tissues,  beginning  with  the  moment 
of  irradiation  and  for  3-4  days,  have  a  vasoconstrictive  effect. 
Vasodilative  substances  appear  on  the  5th-6th  day.  By  altering 
the  lumen  of  the  vessels  and  thus  participating  in  the;  redistrib¬ 
ution  of  the  blood  (the  efflux  into  the  pulmonary  system  and  . 
into  the  vessels  of  the  abdominal  cavity  organs),  the  toxic  agents 
can  be  an  additional  factor  favoring  the  development  of  hemor-  4 
rhagia. 

Clearly,  the  toxic  agents  bear  a  definite  .share  of  the  re¬ 
sponsibility  for  inhibition  of  certain  natural  immunity  factors 
and,  consequently,  can  participate  in  the  development  of  the  in¬ 
fectious-toxic  syndrome  of  radiation  sickness. 

Studies  of  the  bactericidal  properties  of  the  skin  and  the 
phagocytic  activity  of  the  leucocytes  were  conducted  on  16  rab¬ 
bits  which  were  injected  with  a  perfusate  from  an  irradiated  fe¬ 
mur.  Twelve  animals  injected  with  a  perfusate  from  an  unirradiated 
femur  served  as  the  control. 

For  a  determination  of  the  skin's  bactericidal  properties 
by  Klemparskuya's  method  [12],  a  B.  ooli  culture  in  a  dilution 
of  1:6000  was  used.  The  number  of  bacterial  colonies  in  each  ex¬ 
periment  was  expressed  in  percentages  of  the  number  of  colonies 
in  the  first  Impression  from  the  skin  of  an  intact  animal. 

A  Staph,  albue  culture  was  used  for  the  Studies  of  phagocy¬ 
tosis,. 

The  results  of  experiments  on  the  determination  of  the  skin's 
bactericidal  properties  at  different  times  after  RT  injection  are 
represented  graphically  in  Fig.  2.  As  seen  from  this  graph,  the 
fcaotericidal  properties  of  the  recipients'  skin  are  decreased  on 
the  3rd  day,  This  decrease  reaches  a  maximum  on  the  5th- 7th  day 
and  by  the  10th  day  it  begins  to  end.  In  the  control  experiments 
the  changes  in  the  skin's  bactericidal  properties  are  not  statis¬ 
tically  significant. 

Simultaneously  with  the  decrease  in  the  skin's  bactericidal 
properties  in  the  experimental  animals ,  inhibition  of  phagocytosis 
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is  noted  which  is  manifested  in  a  2Q-25J&  decrease  in  phagocytic 
activity  (Pig.  3)  and  a  20— 30Jt  decrease  in  the  phagocytic  index. 
Recovery  of  these  indices  occurs  in  the  third  week  of  the  experi- 
ment.  Summing  up  these  data,  it  can  be  concluded  that  RT  acts  in 
an  inhibitory  way  on  important  mechanisms  of  the  organism’s  anti¬ 
bacterial  defenses  and,  consequently,  can  participate  in  the  de¬ 
velopment  of  infectious  complications  from  irradiation. 
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Pig.  2.  Effect  of  toxic  agents  on. skin’s  bactericidal  properties. 
1)  Intact  rabbits  <10056  on  the  first  impression);  2)  control;  3) 
in  3  days;  4)  in  10  days ;  5)  in  5  days;  6)  in  7  days. 


Pig,  3.  Effect  of  RT  on  phagocy 
tic  activity  of  the  leucocytes 
(relative  units).  Cross-hatched 
columns  -  control. 


In  evaluating  the  role  of  RT  In  the  development  cf  the  prin 
cipal  syndromes  of  radiation  sickness,  it  is  important  to  deter¬ 
mine  quantitatively  the  significance  of  the  toxic  effects  in  the 
whole  set  of  changes  caused  by  radiation  injury  of  the  organism. 
With  respect  to  changes  in  the  bone  marrow,  opinions  on  this 
question  differ. 
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According  to  Gruzdev* s  data  193 »  the  role  of  the  remote  ef¬ 
fects  is  small,  whereas  Rozin  [11]  attributes  a  share  of  up  to 
5QJT  of  the  damage  to  them. 

We  compared  blood  changes  after  total  irradiation  of  rabbits 
ajid  hematological  changes  caused  by  the  injection  of  RT  by  the 
method  described  above*  In  this  case  it  turned  out  that  the  sig¬ 
nificance  of  the  toxic  factors  for  the  development  of  the  various 
manifestations  of  radiation  sickness  is  dissimilar.  If  judged 
by  changes  in  the  total  number  of  leucocytes  or  lymphocytes ,  the 
affect  of  RT  is  comparable  to  the  effect  of  total  irradiation  in 
a  dose  of  200-250  r  (20-25*  of  the  lethal  dose) /However,  with 
respect  to  the  maeber  of  thrombocytes,  the  result  of  the  toxic 
effeot  i®  comparable  the  result  of  total  irradiation  in  a  dose 
of  40Q-5CQ  i>,  while  with  respect  to  blood  coagulation  time,  it  is 
eidsd  to -the  resultsofirradiation  in  a  still  larger  dose  ( 800- 
1000  r) .  Thus,,  in  our  experiments  a  parallelism  in  the  sensitiv¬ 
ity  of  Individual;  indices  to  the  effect  of  radiation  and  of  toxic 
agents  does  not  appear.  At  the  same  time,  the  quantitative  sig¬ 
nificance  of  the  toxic  affects  with  respect  to  the  blood  morphol¬ 
ogy  is.  clearly  .established. 


While  the  role  of  the  toxic  effects  in  comparison  with  the 
direct  effect  of  radiation  is  sufficiently  clear  with  respect 
to  changes  in  morphological  composition  and  blood  coagulability, 
it  is  even  more  significant  with  respect  to  the  skin’s  bacteri¬ 
cidal  properties  and  the  leucocyte’s  phagocytic  capacity,  in 
periods  of  development  and  degree  of  expression  the  inhibition 
of  these  indices  is  close  to  changes  occurring  from  total  irra¬ 
diation  of  rabbits  in  a  dose  of  600-800  r. 


By  correlating  the  data  presented,  it  is  possible  to  see 
that  the  toxic  effects  are  diverse  and  reproduce  a  number  of  the 
manifestations  not  only  of  the  hemopoietic  but  also  of  the  hemor- 
rhagi a  syndromes  and  they  also  promote  a  decrease  in  natural  im¬ 
munity.  To  this  must  be  added  the  mutagenic  properties  of  the 
toxic  agents  [6,  13,  1*0. 

Considering  the  early  period  and  duration  of  toxin  produc¬ 
tion  j  as  well  as  the  quantitative  characteristics  of  the  toxic 
effects,  a  conclusion  concerning  their  importance  in  the  devel¬ 
opment  of  the  principal  syndromes  of  radiation  sickness  seems 
well  founded. 


It  la  likely  that  the  mechanisms  of  the  toxic  effects  are 
numerous  and  varied,  as  are  the  toxins  themselves.  It  can  be  as¬ 
sumed  that  in  addition  to  a  direct  effect  on  cells  and  tissues, 
the  toxins  participate  in  autosensitization  of  the  organism  as 
well  as  in  disturbances  in  the  neuroendocrine  regulation.  A  more 
detailed  analysis  of  these  mechanisms  remains  a  most  Important 
problem.  At  the  same  time,  the  development  of  measures  for  detox¬ 
ification  of  an  irradiated  organism  as  a  valuable  component  of 
complex  therapy  of  radiation  sickness  is  an  important  task. 


254  - 


REFERENCES 


Gorizontov,  P.D,,  Patologicheskaya  fiziologiya  ostrcy 
luchevoy  bolezni  [The  Pathological  Physiology  of  Acute 
Radiation  Sickness].  Moscow,  1958. 

Gorizontov,  P.D.,  "Meditsinskaya  radiologlya,"  [Medical 
Radiology]  1,  6  (1959). 

Gorizontov,  P.D.,  In  book  entitled  "Voprosy  patogeneza 
eksperimental'noy  terapii  i  profilaktiki  luchevoy  bolez¬ 
ni  "  [Problems  of  the  Pathogenesis,  Experimental  Therapy 
and  Prevention  of  Radiation  Sickness].  Moscow,  Medgiz, 
I960. 

Kuzin,  A.M.,  Radiatsionnaya  biokhimiya  [Radiation  Bio¬ 
chemistry],  Moscow,  Izd-vo  AN  SSSR,  1962. 

Sverdlov,  A.G.,  "Meditsinskaya  radiologlya,"  11,  19 
(1959). 

Sverdlov,  A.G.,  Doctoral  Dissertation.  Leningrad,  1964. 

Kudryashov,  Yu.B.  et  al. ,  "Radiobiologiya"  [Radiobiol- 
ogyj,  1,  78  (1961). 

Tarusov,  B.N. ,  Pervlehnyye  protsessy  luchevogo  porazhe- 
niya  [Primary  Processes  of  Radiation  Sickness].  Moscow, 
1962. 

Gruzdev,  G.P.,  Doctoral  Dissertation.  Moscow,  1965. 

Kuznetsova,  N.N.,  "Zh.  obshchey  biologii,"  18,  53 
(1957). 

Rozin,  In  book  entitled  "Trudy  Vos’mogo  mezhdunarodnogo 
protivorakovogo  kongressa"  [Transactions  of  the  Eighth 
International  Anticancer  Congress].  No.  4,  Moscow,  Izd- 
vo  AN  SSSR,  1963,  page  199. 

Klemparskaya,  N.N.,  Alekseyeva,  O.G.,  "Meditsinskaya 
radiologiya,"  3,  70  (1959). 

Kuzin,  A.M. ,  Kryukova,  L.M.,  "Dokl.  AN  SSSR,"  137,  970 
(1961). 

Kerkis,  Yu.Ya.  et  al.,  ’’Radiobiologiya,"  6,  947  (1964). 


THE  ROLE  OF  RADIOTOXINS  IN  ANIMAL  RADIATION  SICKNESS 

S.P.  Yarmonenko 

(Institute  of  Industrial  Hygiene,  and  Occupational  Diseases, 

USSR  Academy  of  Medical  Sciences) 

At  the  present  time  it  can  be  considered  as  proved  that  ra¬ 
diation  sickness  develops  both  as  a  result  of  the  direct  inter¬ 
action  of  radiation  energy  with  cell  structures  and  indirectly, 
remotely.  The  relative  role  of  the  remote  effect  and  the  mechan¬ 
isms  of  its  accomplishment  remain,  however,  the  least  studied. 
According  to  the  data  of  Gorizontov  [1],  Betts  [2]  and  others, 
disturbances  in  neuroendocrine  and  humoral  regulation  in  the 
broad  sense  of  this  word  acquire  tremendous  importance  in  the 
accomplishment  of  the  remote  effect.  In  numerous  investigations 
of  Kuzin  [3],  Tarusov  [4]  and  their  colleagues  the  radiotoxic 
nature  of  the  remote  effect  is  illustrated.  The  detection  of  the 
remote  effect  in  plants  made  it  possible  for  the  authors  to  ex¬ 
plain  it  unequivocally  by  the  development  of  abnormal  metabolites 
from  the  effect  of  irradiation  [33. 

As  follows  from  the  literature,  as  well  as  from  the  data  of 
the  present  conference,  quinones,  unsaturated  fatty  acids,  organ¬ 
ic  and  inorganic  peroxides,  products  of  protein  decomposition, 
choline,  histamine,  protein  antigens,  various  metabolites  and  cy¬ 
totoxic  agents  of  undetermined  nature  can  act  as  radJ  toxins  [RT] 
(PT). 


In  order  to  examine  this  complex  problem,  it  is  necessary  to 
bring  clarity  to  the  original  concepts.  First  of  all  it  is  nec¬ 
essary  to  separate  the  infinite  variety  of  reactions  developing 
in  the  course  of  radiation  sickness  from  the  primary  processes  of 
the  radiobiological  effect.  Such  disarticulation  of  the  specific 
triggering  link,  no  matter  how  artificial  It  may  seem,  is  neces¬ 
sary  if  only  for  the  reason  that  the  injury  of  a  majority  of  the 
myeloid  or  intestinal  cells  which  determines,  as  is  known,  the 
outcome  of  acute  radiation  sickness  in  animals,  occurs  soon  after 
irradiation.  An  elementary  morphological  analysis  makes  it  pos¬ 
sible  to  demonstrate  the  massive  death  of  a  majority  of  the  cells 
in  the  first  .iours  after  irradiation.  On  the  other  hand,  the 
transplantation  of  a  small  number  of  bone  marrow  cells  in  the 
first  24  hrs  after  the  effect  makes  it  possible  to  prevent  a 
lethal  outcome,  in  spit?  of  the  continuing  development  of  the 
radiation  syndrome  and  consequently,  of  the  toxemia. 

It  is  quite  clear  from  what  has  been  stated  that  the  toxins 
alone  which  are  produced  in  the  cell  itself  immediately  after  the 
effect  being  induced  during  the  exchange  of  energy,  can  play  a 
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definite  role  in  the  acute  effect  of  irradiation  in  the  full 
sense  of  the  word.  The  results  of  experiments  which  showed  the 
bone  marrow’s  close  radiovulnerability  in  vivo  and  in  vitro  indi¬ 
cate  this  [5,  6],  Some  considerations  concerning  RT’s  possible 
role  in  the  direct  and  remote  effects  of  irradiation  are  presented 
below. 

Radlomlmetlc  Intoxication  as  a  model  of  “local  cell  radio- 
toxicosis."  In  a  comparative  study  of  the  effect  of  ionizing  ra¬ 
diation  and  radiomimetic  agents  of  the  alkylating  type  which  we 
made  Jointly  with  R.G.  Kostyanovskiy  in  the  fifties,  the  hypothe¬ 
sis  was  expressed  that  the  radiobiological  effect  may  be  caused 
not  only  by  short-lived  radicals,  but  also  by  more  stable  inter¬ 
mediate  products  of  their  further  conversions,  whose  effect  is 
imitated  by  the  radiomimetics  [7,  8],  If  this  is  true,  specific 
chemical  reactions  whose  rate  must  have  a  temperature  dependence 
lie  at  the  basis  of  the  radiation  effect,  just  as  it  does  in  the 
radiomimetic  effect.  At  the  same  time  retardation  of  the  course 
of  intoxication  caused  by  nitrogen  mustard  gas  [methyl-bis- 
- (8-chlore thy 1) -amine ;  NH2]  was  shown  in  frogs  with  a  decrease 
in  body  temperature,  just  as  this  occurs  after  irradiation  under 
similar  temperature  conditions  (Pig.  1).  The  data  obtained  make 
it  possible  in  both  cases  to  interpret  this  phenomenon  unambigu¬ 
ously  if  it  is  recognized  that  in  this  case  a  decrease  occurs  in 
the  reactivity  of  the  hypothetical  intermediate  RT  or  HN2. 


Time,  days 


Fig.  1.  Temperature  dependence  of  frogs'  death  from  irradiation 
in  a  dose  of  900  r  [9]  and  from  the  effect  of  HN2  (**G  mg/kg). 

0)  0-1°;  •)  18-20°;  x)  50 ;  a)  23° i  solid  line)  NH2 ;  dashed  line) 
irradiation. 


A  subsequent  analysis  of  the  effect  of  radiation  and  HN2 
made  it  possible  to  establish  the  striking  similarity  of  these 
agents  in  a  wide  range  of  doses.  In  Pig.  2  we  show  the  results  of 
one  of  the  experiments  [8];  the  dependence  of  the  mean  duration 
of  the  life  of  mice  on  the  HN2  dose  is  presented  in  juxtaposition 
with  certain  data  of  Rayevskiy.  Both  curves  Join  at  a  point  cor¬ 
responding  to  the  minimal  absolute  lethal  doses  of  x-rays  and  HN2 
(750  r  and  k  mg/kg,  respectively). 

A  cursory  comparison  of  both  curves  does  not  leave  any  doubt 
as  to  the  closeness  of  the  phenomena  which  they  represent.  A  re- 
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gion  of  an  absence  of  dependence  of  the  duration  of  life  on  the 
dose  (up  to  15  mg/kg)  -  plateau  A  on  curve  2,  an  interval  of 
progressive  shortening  of  life  (15-100  mg/kg;  segment  B)  and, 
finally,  the  region  of  doses  (100-2000  mg/kg,  segment  C)  at  which 
death  occurs  almost  Instantaneously  is  also  characteristic  of 
the  effept  of  HN2.  Here,  in  each  of  the  indicated  intervals  the 
clinical  manifestations  of  the  intoxication  are  similar  to  the 
corresponding  disorders  cnapacteristic  of  radiation  sickness 
caused  by  different  doses  of  irradiation.  In  the  region  of  the 
doses  lying  on  the  plateau,  the  symptomatology  develops  only  on 
the  2nd  to  3rd  day  and  is  characterized  by  damage  to  the  blood 
circulation  and  intestines.  In  interval  B  death  occurs  with  mani¬ 
festations  of  severe  disorders  of  the  nervous  system  (inhibition, 
which  is  replaced  by  convulsions).  In  interval  C  the  illness  is 
extremely  acute  and  is  manifested  in  severe  convulsions  which  oc¬ 
cur  immediately  after  the  effect  and  lead  to  death  in  10-30  min 
analogously  to  death  from  radiation.  The  shift  of  the  entire  HN2 
curve  to  the  left  along  the  dose  axis  which  is  evidently  the  re¬ 
sult  of  an  accelerated  course  of  the  intoxication  in  comparison 
with  radiation  sickness,  as  well  as  the  briefer  initial  rise 
caused  by  HN2's  primary  damage  to  the  intestines,  in  connection 
with  which  the  animals  do  not  live  up  to  the  time  of  bone  marrow 
death,  deserves  attention. 


Pig.  2.  Dependence  of  mean  dura¬ 
tion  of  life  of  mloe  on  dose.  1) 
Rayevskiy  radiation  method;  2) 
HN2. 
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Thus,  in  spite  of  the  different  nature  of  radiomimetics  and 
ionizing  radiation,  it  is  impossible  to  ignore  the  basic  similar¬ 
ity  of  the  biological  effects  which  they  cause  which  go  beyond 
the  bounds  of  a  simple  analogy.  The  equal  effectiveness  of  thiol 
protectors  during  both  effects  also  indicates  this  (table). 

Comparative  Data  on  Protection  from  Irradia¬ 
tion  and  the  Effect  of  Radiomimetic  Agents  in 
Minimal  Absolute  Lethal  Doses  by  Thiol  Protec¬ 
tors* 
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An  analogy  ot1  this  type  allows  one  to  admit  the  possibility 
of  the  existence,  and  perhaps,  the  leading  role  of  intracellular 
RT  in  specific  types  of  cell  deeth.  In  particular,  it  is  tempting 
to  assume  that  the  massive  death  of  the  cells  of  radiosensitive 
organs  mentioned  above  which  is  observed  in  the  first  hours  after 
irradiation,  that  is,  long  before  their  division,  leading  to  de¬ 
struction  of  the  bone  marrow,  is  precisely  of  such  a  nature  £10, 
11].  An  explanation  of  this  question  is  of  fundamental  importance 
since  now  there  can  be  no  doubt  that  injury  of  cells  in  the  ?nter- 
phase,  but  not  localized  mutations  and  not  structural  damage  of 
the  chromosomes,  recorded  in  the  form  of  aberrations  £12],  deter¬ 
mine  the  outcome  of  acutt  radiation  sickness  in  animals.  The  lat¬ 
ter,  while  clearly  related  to  the  dose,  affect,  however,  a  rela¬ 
tively  smaller  percentage  of  the  cells  which  die  primarily  in  the 
first  mitosis  in  proliferating  (radiosensitive)  tissues  and  hardly 
affect  the  functions  of  the  rest  of  the  somatic  cells  of  the  ani¬ 
mals  because  of  the  latter’s  heterogenicity  £133.  ?he  role  of  lo¬ 
calized  mutations  in  the  cells  of  higher  animals  with  a  diploid 
set  of  chromosomes  Is  Insignificant  because  of  their  recesslve- 
noss  and  limited  sphere  of  influence.  There  is  still  no  satisfac- 
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tory  explanation  of  the  mechanism  of  interphase  death.  The  at¬ 
tempt  to  explain  it  unambiguously  by  the  variety  of  the  dominant 
lethals  [14  J  cannot  be  recognized  as  satisfactory,  based  on  the 
randomness  of  the  mutation  process  which  determines  the  low  pro¬ 
bability  of  the  rigidly  controlled  events  causing  the  observed 
massive  uniform  destructive  reaction.  This,  however,  is  how  mat¬ 
ters  stand  from  the  standpoint  of  classical  concepts  which  as¬ 
cribe  the  main  role  in  the  primary  mechanisms  of  the  radioDiol- 
ogical  effect  to  discrete  elementary  Ionization  acts  [15].  The 
position  is  made  considerably  easier  by  inclusion  of  the  produc¬ 
tion  of  Intracellular  toxins  in  the  system  under  discussion.  The 
latter  as  a  result  of  sufficient  concentration  can  block  the 
synthesis  of  nucleic  acids  or  enzymes  by  directed  genome  damage 
and  also  cause  concentrated  injuries  of  cytoplasmic  structures, 
also  leading  to  death  of  the  cell.  Considering,  however,  the 
numerous  data  concerning  the  incomparably  great  radiosensitivity 
of  the  nucleus  in  comoarisGn  with  the  cytoplasm,  a  genome  type 
of  damage  seems  more  likely.  Mieronecrctic  foci.  Identified  by 
luminescent  microscopy  of  suspensions  stained  with  fluoroehromes 
which  bind  with  the  nucleic  structures,  which  appear  in  the  bone 
marrow  in  the  first  hours  after  irradiation  and  the  effect  of  ra~ 
dlomlmetlc  substances  point  to  the  connection  of  the  observed  cell 
destruction  with  DNA  (JQHK)  and  RNA  (PHK)  synthesis  [16,  17  j. 

Whatever  it  is,  it  is  quite  clear  that  interphase  death  dif¬ 
fers  fundamentally  in  nature  from  structural  injuries  of  chromo¬ 
somes.  It  is  directly  connected  with  the  cell's  functional  state, 
determining  in  the  final  analysis  the  tissue's  radiosensitivity. 
For  example,  we  did  not  succeed  in  finding  indications  of  destruc¬ 
tion  in  a  cytological  analysis  of  a  regenerating  liver  after  pre¬ 
liminary  irradiation  of  animals  in  doses  of  150-300  rad,  although 
the  level  of  cells  with  chromosomal  rearrangements  hardly  dif¬ 
fered  from  their  number  in  the  bone  marrow  after  irradiation  in 
corresponding  doses  [18,  19 j .  According  to  other  data  [10,  20], 
interphase  death  was  absent  from  the  liver  after  irradiation  in 
larger  doses.  However,  it  is  typical  of  cells  of  such  radiosen¬ 
sitive  organs  as  the  bone  mirrow,  spleen,  thymus  and  testicles. 
Moreover,  a  morphological  demonstration  of  cell  destruction  is 
possible  only  under  conditions  of  the  functioning  of  the  irradi¬ 
ated  tissue  in  the  organism.  Destruction  of  bone  marrow  cells  is 
not  found  after  irradiation  in  »iiwt  although  when  ouch  irradi¬ 
ated  cells  are  transplanted,  they  completely  lose  the  ability  to 
regenerate  [53*  After  irradiation  in  the  manifestation  of 

destruction  of  bone  marrow  cells  [21]  or  spleen  cells  [5]  is 
delayed  until  the  ligature  is  applied.  Finally,  in  a  fibroblast 
Culture  morphological  changes  were  also  not  observed  In  cells 
In  the  lnterklnetlc  phase  [22]. 

All  this  Indicates  that  the  described  radiation  reaction 
arises  only  In  cells  in  a  special  functional  state,  not  con¬ 
nected  with  the  process  of  division  [10],  and  its  appearance  is 
possible  only  In  an  Intact  organism.  Such  a  phenomenon  conforms 
poorly  with  the  concept  of  ceil  death  as  a  result  of  individual 
instantaneous  events  and  cm  be  better  understood  from  the  stand¬ 
point  of  RT  which  block  the  metabolic  link  responsible  for  these 
special  functions. 
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Returning  to  the  effect  of  alkylating  compounds,  let  us  note 
that  in  the  case  of  mustard  gas  intoxication  massive  death  of  the 
hemogenic  cells  occurs  in  the  first  6-24  hrs  [8].  whereas  losses 
connected  with  chromosomal  aberrations  in  mitosis  comprise  a  small 
share  of  the  total  damage. 

Thus,  the  concept  of  the  radiotoxic  nature  of  interphase 
death  in  the  form  of  "microtoxicosis"  of  a  specific  type  of  cells 
deserves  attention  and  verification  of  its  correctness  in  special 
investigations.  Finally,  it  can  be  assumed  that  a  specific  role 
in  the  development  of  structural  chromosome  damage  belongs  to 
local  RT.  In  any  case,  it  is  impossible  to  explain  from  the  clas¬ 
sical  point  of  view  [15]  data  being  accumulated  on  the  possibil¬ 
ities  of  changes  in  the  radiobiological  effect  with  the  help  of 
various  modifying  factors  and  even  more  concerning  the  reparation 
of  chromosomal  damage  with  a  decrease  in  the  dose  rate  [18,  23, 
24]. 

Radiotoxins  and  radiation's  remote  effects.  The  existence  of 
a  remote  effect  of  ionizing  radiation  in  animals  is  most  clearly 
represented  in  experiments  on  the  irradiation  of  limited  areas  of 
the  body  or  on  the  total  effect  of  weakly  penetrating  emissions. 
The  disturbance  which  is  observed  in  these  cases  in  the  blood 
system  cannot  be  explained  by  direct  ’njury  of  the  hamogenic  or¬ 
gans  and  therefore  requires  the  service  of  indirect  mechanisms. 
Similar  conditions  are  laid  down  in  examining  the  causes  of  the 
leucopenia  developing  in  man  during  radiation  therapy  of  neoplasm© 
in  which  restricted  areas  of  the  body  are  subjected  to  multiple 
local  irradiation,  whereas  the  bulk  of  he  hemogenic  tissue  re¬ 
mains  outside  the  direct  effect  of  the  radiation. 

The  question  arises:  what  is  the  nature  of  the  remote  ef¬ 
fects  observed  in  these  cases?  Is  it  also  possible  here  to  assume 
the  effect  of  RT  conveyed  from  the  irradiated  areas  as  the  source j. 
as  is  clearly  shewn  in  A.M,  Kuzin's  work  on  plants?  An  unequivocal 
answer  to  this  question  does  not  seem  possible  at  this  time.  At 
the  present  tiae  we.  Jointly  with  A.L.  Vygodskaya  and  l.Kb.  Eydus, 
are  conducting  appropriate  investigations  in  this  dirts?? on,  the 
first  results  of  which  are  presented  in  this  collection  (see  "»age 
270) .  Here  we  shall  only  joint  out  that  humoral  factors  which 
determine  the  development  of  the  remote  effect  can  have  q;‘lte  a 
different  origin  than  the  "local  radiotoxins."  Their  development 
in  early  stages  of  the  illness  evidently  Is  due  primarily  to  t 
disorder  of  the  neuroendocrine  regulation,  and  later  tv  a  disturb¬ 
ance  in  metabolism. 
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THE  MUTAGENIC  EFFECT  OF  EXTRACTS  OF  VARIOUS 
ORGANS  OF  IRRADIATED  MICE 

Yu.Ya.  Kerkis,  L.N.  Yasrtova  and  A.v.  Urzhenko 

(Institute  of  Cytology  and  Genetics,  Siberian  Section, 

USSR  Academy  of  Sciences,  Novosibirsk) 

The  development  of  chromosomal  rearrangements  in  epithelial 
cells  of  the  corneas  of  rat  recipients  of  extracts  of  carcasses 
of  rats  irradiated  with  a  dose  of  1500  r  has  been  demonstrated 
earlier  [1].  It  has  also  been  found  that  when  the  head  is  shielded 
and  the  bodies  of  the  mice  are  irradiated  with  the  same  dose,  the 
frequency  of  the  development  of  chromosomal  rearrangements  in  the 
corneal  epithelium  increases  approximately  10-fold  in  comparison 
with  intact  animals.  The  assumption  has  been  made  that  substances 
of  the  "radiotoxin''  type,  capable  of  causing  cytogenetic  effects 
in  unirradiated  cells,  develop  in  the  irradiated  animal  organism. 

It  was  the  purpose  of  the  present  work  to  demonstrate  in 
which  organs  of  irradiated  animals  the  production  or  accumulation 
of  the  active  substances  occurs. 

In  the  experiments  367  mice  of  the  CC-57  line  (brown)  were 
used;  they  were  two-month  old  males.  Fifty  of  them  served  as  do¬ 
nors.  Irradiation  was  carried  out  in  an  RUT-200  apparatus  in  a 
dose  of  1500  r  at  a  dose  rate  of  30  r/min  with  0.5  mm  copper  and 
1.0  mm  aluminum  filters;  the  focal  distance  was  kO  cm.  Eighteen 
mice  were  irradiated  simultaneously.  Dose  measurement  was  carried 
out  with  a  DIM-60  precision  dosimeter. 

The  mice  were  killed  1,  2  and  3  days  after  Irradiation.  For 
preparation  of  the  extracts,  the  small  intestines,  testicles, 
liver,  spleen,  brain  and  fatty  tissue  were  removed;  heparinized 
blood  was  also  used.  The  organs  were  washed  with  Ringer's  solu¬ 
tion  after  which  k  g  weighed  samples  were  taken  and  were  care¬ 
fully  pulverized  in  8  ml  of  Ringer's  solution  in  a  glass  homogen- 
izer.  After  2  hrs  of  extraction  in  the  cold  the  homogenate  was 
centrifuged  for  10  min  at  5000  rpm,  filtered  and  0.3  ml  of  the 
filtrate  injected  intraperitoneally  into  the  recipient  mice.  The 
control  mice  were  injected  with  extracts  of  organs  of  intact 
animals  prepared  in  the  same  way.  The  recipient  mice  were  killed 
2k  hrs  after  the  injection  of  the  extracts,  the  eyeballs  were 
fixed  for  3-k  hrs,  after  which  they  were  stored  in  70%  alcohol. 
Staining  of  the  prepared  corneas  was  carried  out  with  Bohmer's 
hematoxylin.  The  chromosomal  rearrangements  were  counted  in  both 
corneas  of  each  animal. 


Cytogenetic  Effect  of  Radiotoxins  on  Mouse  Corneal  Epithelial  Cells 
in  an  in  situ  Experiment 
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As  seer*  from  Table  1,  extracts  of  organs  of  Intact  animals 
did  not  have  a  cytogenetic  effect.  When  fatty  tissue  extracts 
were  injected,  the  percentage  of  chromosomal  rearrangements  on 
the  1st  day  after  irradiation  was  0.13  +  0.01$,  on  the  2nd  day 
0.18  -  0.06$  and  on  the  3rd  day  0.060  -”0.003$  with  complete  ab¬ 
sence  of  rearrangements  in  the  control  material.  However,  in  all 
these  cases  the  difference  from  the  control  is  not  statistically 
reliable. 

When  brain  tissue  extracts  were  injected,  the  percentage  of 
chromosomal  rearrangements  in  the  recipients  changed  more  sig¬ 
nificantly:  0.19  +  0.01$  on  the  1st  day  after  irradiation,  0.29  + 
+  0.02$  on  the  2nd  day  and  0.26  +  0.01$  on  the  3rd  day  with  com¬ 
plete  absence  of  rearrangements  in  the  control.  The  difference 
from  the  control  material  is  reliable  in  all  variants  of  this  ex¬ 
periments.  The  extracts  prepared  from  other  organs  did  not  have 
any  effect. 

In  analyzing  the  results  from  individual  animals,  consider¬ 
able  individual  variability  was  observed  in  the  organism's  reac¬ 
tion  to  the  effect  of  the  extracts,  which  also  occurred  in  previ¬ 
ous  experiments  [1]. 

The  next  series  of  experiments  was  carried  out  for  purposes 
of  demonstrating  the  significance  of  the  complete  organism  in  the 
production  of  radiotoxins.  Mice  of  the  same  line,  sex  and  age 
were  used  in  the  experiment.  The  brain  (whole)  and  fatty  tissue 
from  the  abdominal  cavity  were  removed  from  the  killed  animals. 
The  tissues  were  washed  with  Ringer's  solution,  placed  in  the 
solution  in  Petri  dishes  and  irradiated  in  an  RUM-5  apparatus  in 
a  dose  of  1500  r  at  a  dose  rate  of  32  r/min.  Filters  consisting 
of  0.5  mm  of  copper  and  1.0  mm  of  aluminum  were  used  during  the 
irradiation;  the  focal  distance  was  40  cm. 

Immediately  after  irradiation  the  organs  were  placed  in 
fresh  Ringer's  solution.  All  the  operations  were  carried  out  in 
the  cold.  The  organs  were  stored  for  3  days  at  4°  in  vessels  with 
ground-glass  stoppers.  After  1,  2  and  3  days  extracts  were  pre¬ 
pared  from  the  Irradiated  organs,  0.3  ml  of  which  was  injected 
into  the  recipier. „  mice. 

Intact  organs  stored  under  the  same  conditions  served  as 
the  control.  The  mice  were  killed  24  hrs  after  the  injection  of 
the  extracts.  The  eyeballs  were  removed  and  corneal  preparations 
were  made. 

It  is  seen  from  Table  2  that  the  injection  of  the  extracts 
did  not  cause  the  appearance  of  chromosomal  rearrangements,  and 
all  the  observed  deviations  from  the  control  are  not  statistical¬ 
ly  reliable. 

Data  of  experiments  on  irradiation  of  various  tissues  in  iitu 
in  a  dose  of  1500  r  showed  that  a  completely  reliable  cytogenetlo 
effect  appeared  only  after  the  injection  of  an  extract  prepared 
from  brain  tissue.  At  the  same  time,  the  same  extract,  but  pre¬ 
pared  from  brain  tissue  Irradiated  outside  of  the  living  organ¬ 
ism  ,  did  not  have  a  oytogenetic  effect.  This  fact  indicates  the 
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important  rcle  which  various  organismic  factors  play  in  the  pro¬ 
duction  of  radiotoxins.  Evidently,  besides  primary  reactions  of 
the  radiation  oxidation  of  brain  tissue  biolipids  [2-4],  it  is  as 
if  the  radiolytic  products  which  developed  in  other  organs  of  the 
irradiated  organism  can  be  adsorbed  in  this  organ  (the  increase  in 
the  effectiveness  of  an  extract  prepared  on  the  2nd  and  3rd  day 
after  irradiation  indicates  this  last  possibilityTT  Being  involved 
in  the  general  metabolism,  these  products  can  be  converted  into  a 
number  of  toxic  substances  of  the  type  of  unsaturated  fatty  acids, 
epoxides  and  products  of  their  further  decomposition  [53.  Irradi¬ 
ated  fatty  tissue  may  be  one  of  the  active  sources  of  these  harm¬ 
ful  metabolites  [6]. 

The  following  conclusions  can  be  drawn  from  the  results  of 
the  work  which  was  carried  out : 

1.  A  reliable  cytogenetic  effect  of  a  water-salt  extract  of 
the  brain  of  irradiated  mice  when  injected  into  intact  recipients 
has  been  demonstrated. 

2.  A  similar,  but  statistically  unreliable  effect  appeared 
after  the  injection  of  a  fatty  tissue  extract.  Extracts  of  intes¬ 
tine,  liver,  testicles  and  spleen,  as  well  as  heparinized  blood, 
did  not  produce  an  effect. 

3.  The  extracts  proved  to  be  effective  only  when  the  organs 
were  irradiated  in  situ.  When  the  same  organs  were  irradiated 
with  the  same  dose  in  vitro,  it  was  not  possible  to  find  an  ef¬ 
fect. 


4.  It  Is  possible  that  the  observed  remote  mutagenic  effect 
of  radiation  is  caused  by  products  of  biolipid  radiolysis  which 
develop  in  the  irradiated  organism.  The  inclusion  of  these  prod¬ 
ucts  in  the  chain  of  metabolic  processes  probably  leads  to  the 
accumulation  of  mutagenic  substances  in  the  organism.  It  will  be 
the  task  of  future  investigations  to  determine  the  relative  sig¬ 
nificance  of  such  chemical  mutagenesis  after  irradiation  with  dif¬ 
ferent  doses  of  ionizing  radiation. 
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THE  REMOTE  EFFECT  OF  RADIATION  ON  THE  HEMOPOIETIC  ORGANS 

A.L.  Vygodskaya,  L.Kh.  Eydus  and  S.P.  Yartnonenko 

(Institute  of  Biophysics,  USSR  Academy  of  Sciences  and 
Institute  of  Industrial  Hygiene  and  Occupational 
Diseases,  USSR  Academy  of  Medical  Sciences) 

It  has  been  shown  at  the  present  time  that,  In  addition  to 
the  direct  injury  of  organ  tissues  by  ionizing  radiation,  remote 
effects  play  a  specific  role  in  the  development  of  radiation  sick¬ 
ness.  It  has  been  established  that  toxic  products  are  formed  in 
irradiated  tissues,  and  work  on  their  identification  is  being 
carried  out  in  a  number  of  laboratories.  There  are  also  a  number 
of  indications  concerning  the  important  role  of  pathological 
changes  caused  by  disturbances  in  neurohormonal  regulation  and 
immunological  reactions  as  well  as  by  metabolic  changes. 

A  study  of  remote  effects  in  the  hemopoietic  organs  which 
are  highly  radiosensitive  and  are  responsible  for  the  damage  at 
average  lethal  doses  is  of  the  most  theoretical  and  practical  in¬ 
terest. 

The  first  results  of  investigations  which  are  being  carried 
out  for  the  purpose  of  determining  the  relative  role  of  the  re¬ 
mote  effect  of  ionizing  emissions  in  general  radiation  injury, 
of  a  study  of  the  possible  mechanisms  of  the  remote  effect  and 
of  a  determination  of  the  theoretical  possibility  of  reducing  ' t 
are  presented  below. 

In  recent  years  a  number  of  investigators  [l-3l  have  found 
considerable  damage  of  the  bone  marrow  in  a  screened  extremity 
after  total  irradiation  of  animals  ir.  lethal  doses.  A  consider¬ 
able  difference  in  the  number  of  nucleate  bone  marrow  cells  of  the 
irradiated  extremity  24  hrs  after  its  irradiation  individually  or 
together  with  other  parts  of  the  body  was  also  observed  [3,  4]. 

It  should,  however,  be  pointed  out  that  the  use  of  the  cri¬ 
terion  which  was  applied  in  these  studies  -  a  decrease  in  the 
number  of  karyocytes  -  requires  great  care  since  thd  number  of 
nucleate  bone  marrow  cells  depends  on  the  animals'  age  and  the 
conditions  of  their  maintenance  and  can  change  from  the  effect  of 
chronic  infections,  stress  factors  and  other  causes  C53 • 

In  connection  with  this,  special  attention  must  be  paid  to 
correct  determination  of  the  number  of  nucleate  cells  In  the  con¬ 
trol  animals  under  the  given  experimental  conditions.  For  strict 
equalisation  of  the  "background"  it  is  necessary,  according  to 
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the  available  data  [5],  to  use  animals  of  the  same  line  and  age, 
sterile  conditions  of  their  maintenance,  automatic  delivery  of 
water  and  food,  artificial  climate,  etc.  However,  it  is  rather 
complicated  to  fulfill  all  these  conditions. 

In  the  experiments  which  were  conducted  306  unbred  pubescent 
male  rats  of  different  weights  kept  under  the  usual  conditions  on 
-he  usual  diet  were  used. 


Fig.  1.  Dependence  of  number  of  karyocytes 
of  the  bene  marrow  on  animal’s  weight. 


The  change  In  the  number  of  fcaryocyte-  in  the  bone  marrow 
of  the  t  tM  n*  of  Irradiated  and  screened  rat  extremities  after  X- 
ray  irradiation  of  the  animals  In  a  dose  of  1000  r  (RUM-11  appar¬ 
atus,  voltage  210  kv,  current  strength  20  ma,  0.5  mm  copper  and 
1.0  mm  aluminum  filters,  distance  from  anticathode  27  cm,  dose 
rate  100  r/min)  was  studied.  The  rats  were  irradiated  in  pairs  in 
organic  glass  chambers.  One  of  the  rear  extremities  which  extended 
outside  of  the  chamber  was  fastened  with  a  soft  ligature  and  cov¬ 
ered  with  &  6  mm  thick  lead  shield.  Under  theae  conditions  the 
total  dose  measured  under  the  shield  did  not  exceed  6  r.  The  ani¬ 
mals  were  killed  1  hr  and  20  min,  3,  6*  2k  and  U8  hrs  after  irra¬ 
diation  by  decapitation.  A  quantitative  analysis  of  the  bone  mar¬ 
row  waa  carried  out  in  the  tibia  which  was  completely  shielded 
with  lead.  This  made  for  confidence  in  the  fact  that  the  decrease 
in  the  number  of  nucleated  cells  in  the  shielded  extremity  is  not 
the  result  of  the  direct  erfeet  of  scattered  radiation  which 
might  have  been  observed  in  an  analysis  of  the  bone  marrow  of 
the  femoral  bone.  The  whole  bone  was  ground  in  15  ml  of  31  acetic 
acid,  after  which  the  number  «,f  karyocytes  contained  In  the  bone 
marrow  of  the  tibia  was  determined  a  Burker  chamber.  The  num- 


ber  of  karyocytes  in  each  sample  was  counted  twice  (in  the  upper 
and  lower  chambers)  and  the  results  averaged.  The  number  of  nu¬ 
cleate  elements  in  both  extremities  of  control  unirradiatr.d  ani¬ 
mals  was  determined  by  the  same  method.  The  difference  in  the 
number  of  cells  in  the  right  and  left  extremities  of  the  same  ani¬ 
mal  did  not  exceed  20 %  in  a  majority  of  cases. 


Time,  hrs 

Fig.  2.  Change  in  number  of  karyocytes  in  irradiated  and  shielded 
extremities.  Solid  lines)  irradiated  extremities;  dashed  lines) 
shielded  extremities:  1)  rats,  1000  r  (authors’  data);  2)  rats, 
716  r  [1];  3)  mice,  800  r  [3], 


First  of  all,  the  dependence  of  the  number  of  karyocytes  of 
the  bone  marrow  on  the  animals’  weight  was  established  in  the  43 
control  animals.  The  ratio  of  the  number  of  nulcear  cells  of  the 
bone  marrow,  averaged  from  the  results  of  counting  in  both  ex¬ 
tremities,  to  the  animal's  weight  is  presented  in  Fig.  1  (curve 
1).  As  seen  from  the  graph,  the  absolute  number  of  cells  in¬ 
creases  with  the  animal’s  growth  up  to  a  certain  limit,  after 
which  it  remains  at  a  constant  level  (curve  2).  In  evaluating  the 
decrease  In  the  number  of  karyocytes  in  experimental  animals  of 
different  weights,  the  values  corresponding  to  curve  1  were  taken 
for  the  control  indices  in  all  the  experiments. 

In  the  first  series  of  experiments  (161  animals)  the  change 
in  the  karyocyte  content  of  the  bone  marrow  was  studied  in  irra¬ 
diated  and  shielded  extremities  after  total  irradiation  of  the 
rats.  The  dynamics  of  the  development  of  the  lesion,  expressed  in 
a  decrease  in  the  number  of  cells,  is  depicted  in  Fig.  2.  The 
sharp  decrease  in  the  number  cf  karyocytes  in  the  shielded  ex¬ 
tremity  draws  attention.  A  similar  result  was  observed  by  other 
investigators  whose  data  are  presented  on  the  same  graph.  The 
considerable  decrease  in  the  number  of  c^lls  1.5-3  hrs  after  ir¬ 
radiation  which  was  detected  is  especially  interesting. 

It  is  possible,  however,  that  it  is  connected  with  the 
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stress  caused  by  the  irradiation  conditions  which  were  unusual 
for  the  animals;  the  rats  were  kept  for  12-15  min  in  a  chamber  in 
a  fixed  position  with  an  extremity  extended.  To  separate  the  di¬ 
rect  effect  of  irradiation  on  the  shielded  extremity  from  the  non¬ 
specific  effects,  a  group  of  animals  was  subjected  to  simulated 
irradiation,  with  performance  of  all  procedures  connected  with 
this.  As  seen  from  the  table  in  which  the  results  of  the  experi¬ 
ment  are  presented,  3  hrs  after  the  effect  a  considerable  part 
of  the  effect  described  above  is  brought  about  not  as  a  result  of 
irradiation,  but  is  caused  by  stress  factors  connected  with  the 
irradiation  procedure  itself. 

It  is  unclear,  however,  how  the  effect  of  simulated  irradia¬ 
tion  develops  with  time  and  what  contribution  it  makes  to  the  to¬ 
tal  effect  in  the  later  periods  of  observation.  Investigators  [5] 
who  studied  the  effect  of  the  procedural  factor  established  that 
the  number  of  nuclear  bone  marrow  cells  24  hrs  after  the  effect 
was  l6il  lower  tnan  normal. 


Effect  of  Simulated  Irradiation  on  Number  of 
Bone  Marrow  Karyocytes 
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In  the  second  series  of  experiments  (102  animals)  an  attempt 
was  made  to  reduce  the  injury  of  the  bone  marrow  in  the  shielded 
extremity.  Sodium  amlnoethylthiophosphate  (cystaphos)  was  used  as 
the  protective  substance.  The  protector  was  injected  subcutane¬ 
ously  30  min  before  irradiation  in  an. amount  of  350  mg  per  kg  of 
weight . 

In  all  periods  both  in  the  irradiated  and  in  the  shielded 
extremity  a  slight  protective  effect  was  noted  (Pig.  3).  If,  how¬ 
ever,  the  possible  contribution  of  the  procedural  factor  in  these 
periods  after  the  effect  is  taken  into  consideration,  the  degree 
of  protection  increases.  At  the  same  time,  it  is  still  impossible 
to  exclude  the  possibility  that  the  protective  effect  is  chiefly 
due  to  a  decrease  by  the  protector  of  the  effect  of  procedural 
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Fig.  3.  Effect  of  protector  on  change  In  the  number  of  karyocytes 
In  irradiated  (upper  curves)  and  shielded  (lower  curves)  extrem¬ 
ities.  1)  1000  r;  2)  cystaphos  +  1000  r. 


stress  and  not  to  a  decrease  in  the  remote  radiation  reaction. 

* 

Thus,  at  the  present  time  it  can  be  considered  as  established 
without  any  doubt  that  under  ordinary  experimental  conditions  the 
number  of  bone  marrow  karyocytes  is  sharply  decreased  in  the 
shielded  extremity. 

A  prophylactic  injection  of  protector  somewhat  decreases 
this  injury.  A  careful  analysis  of  the  contribution  made  by  non¬ 
specific  reactions  is  necessary  to  obtain  information  about  the 
influence  of  the  true  remote  effect. 
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THE  ROLE  OF  THE  METABOLIC  PROPERTIES  OF  REGENERATING 
TISSUES  IN  RESISTANCE  TO  IONIZING  RADIATION 

M.F.  Popova 

(Institute  of  Animal  Morphology, 

USSR  Academy  of  Sciences) 

The  radiotoxin  [RT]  (PT)  theory  which  has  received  broad 
development  in  contemporary  radiobiology  considers  radiosensitiv¬ 
ity  in  direct  connection  with  metabolic  properties  of  the  object 
being  irradiated.  The  production  in  irradiated  tissues  of  RT 
which  cause  not  only  severe  functional,  but  also  cytogenetic  in¬ 
juries  is  directly  dependent  on  primary  radiation-chemical  proc¬ 
esses  [1-5].  It  has  been  shown  that  by  increasing  in  the  tissues 
the  amount  of  substances  which  decrease  the  primary  radiobiologi¬ 
cal  effect,  it  is  possible  to  decrease  RT  production  and,  conse¬ 
quently,  radiation  injury  of  the  tissue. 

Prom  the  viewpoint  of  the  RT  theory  it  is  Interesting  to  ex¬ 
amine  the  increase  In  the  radioresistance  of  tissues  during  their 
development  of  a  plastic  regenerative  condition.  It  Is  well  Known 
that  the  metabolism  of  tissues  which  are  regenerating  following 
injuries  differs  considerably  from  the  metabolism  of  tissues  in  a 
state  of  normal  functional  activity.  Proteolysis,  lipolysis  and 
other  catabolic  processes  are  Intensified  In  regenerating  tissues. 
In  addition  to  this,  intensive  compensatory  reactions  develop, 
the  metabolism  of  proteins,  nucleic  acids,  lipids  and  other  vi¬ 
tally  important  compounds  is  accelerated  by  several  times,  tissue 
proliferation  begins,  leading  to  filling  in  of  the  defect.  The 
capacity  of  the  tissue  after  various  injuries  to  proceed  into 
this  special  plastic  state,  described  by  Studitskiy  [6],  repre¬ 
sents  one  of  the  most  important  adaptive  defense  reactions  of  the 
organism. 

We  have  shown  in  a  number  of  Investigations  that  the  tissue 
of  an  organism  brought  into  a  plastic  state  by  an  injury  is  dis¬ 
tinguished  by  considerable  radioresistance  from  normal  tissue. 

For  example,  the  skeletal  muscle  of  mammals  irradiated  in  a  dose 
of  2000  r  almost  completely  loses  the  capacity  for  regeneration 
after  mechanical  injury.  If  muscle  which  is  already  regenerating 
after  an  injury  is  subjected  to  irradiation,  the  regenerative 
capacity  is  slightly  disturbed  and  a  dose  of  irradiation  of  more 
than  6000  r  is  necessary  to  suppress  it  [7].  A  considerable  in¬ 
crease  in  the  radioresistance  of  muscle  which  is  regenerating 
after  denervation  has  also  been  shown  [8],  There  are  data  in  the 
literature  concerning  an  increase  in  the  radioresistance  of  re¬ 
generating  skin  epithelia  [9,  10],  bone  tissue  [11],  thyroid 
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gland  [12]  and  hone  marrow  [13-16].  An  intereating  investigation 
has  been  carried  out  on  planarian^  [173:  a  planarian  regenerating 
after  being  cut  into  parts  is  considerably  more  resistant  to  ir¬ 
radiation  than  a  normal  planarian. 

Up  to  the  present  time  the  process  of  regeneration  was  con¬ 
sidered  by  a  majority  of  radiobiologists  [18,  19]  only  as  a  means 
of  accelerating  elimination  of  cells  injured  by  irradiation  and 
recovery  of  the  tissue  at  the  expense  of  cells  which  remained  un¬ 
injured  and  capable  of  multiplication.  However,  it  is  seen  from 
our  own  experimental  material  that  the  regeneration  process  not 
only  promotes  elimination  of  the  dead  cells  of  the  irradiated 
tissue,  but  also  provides  for  increased  radioresistance  of  this 
tissue.  The  correctness  of  this  position  is  confirmed  especially 
clearly  by  data  [20]  obtained  in  an  investigation  of  the  effect 
of  irradiation  on  normal  and  regenerating  corneal  epithelia. 

The  magnitude  of  the  radiation  injury  of  the  epithelium  was 
Judged  from  objective  numerical  data  characterizing  the  mitotic 
index  and  the  percentage  of  chromosomal  aberrations  of  the  epith¬ 
elial  cells.  All  the  observations  were  carried  out  on  one  genera¬ 
tion  of  cells  entering  into  the  first  mitosis  after  irradiation. 

By  this  the  assumption  that  the  detected  decrease  in  radiation 
damage  of  regenerating  epithelium  can  be  explained  by  accelera¬ 
tion  of  the  replacement  of  injured  cells  by  multiplying  uninjured 
cells  was  removed.  It  was  shown  that  in  an  irradiated  normal  cor¬ 
nea  the  number  of  dividing  cells  with  chromosomal  aberrations  in 
5  days  of  observation  is  about  85$.  At  the  same  time,  in  a  regen¬ 
erating  Irradiated  cornea  after  24  hrs  the  chromosomal  aberrations 
comprise  only  30$  and  in  3  days  —  a  total  of  4.3$.  The  consider¬ 
ably  smaller  number  of  dividing  cells  with  aberrations  in  the  re¬ 
generating  cornea  speaks  of  the  fact  that  it  received  less  damage 
in  comparison  with  a  normal  cornea  from  irradiation  with  the  same 
dose.  A  careful  morphological  analysis  of  the  material  obtained 
indicates  that  the  cause  of  the  increased  radioresistance  is  the 
metabolic  properties  of  the  regenerating  tissue. 

Studies  of  certain  metabolic  properties  of  regenerating  tis¬ 
sues  were  carried  out  in  connection  with  the  dynamics  of  their 
radioresistance.  It  is  known  that  in  the  primary  radiobiological 
effect  a  specific  role  belongs  to  catalase  which  not  only  splits 
hydrogen  peroxide  but  also  inactivates  active'  OH  and  HO*  radicals 
produced  during  irradiation  [21].  Prom  a  study  of  the  change  in 
catalase  activity  in  muscle  tissue  regenerating  following  mechan¬ 
ical  trauma  or  after  denervation  it  turned  out  that  the  maximum 
increase  in  catalase  activity  (five-fold)  coincides  with  the  per¬ 
iod  of  the  greatest  radioresistance  of  these  tissues. 

Considerable  attention  is  also  being  paid  in  contemporary 
radiobiology  to  the  radioprotective  role  of  sulfhydryl  compounds. 
It  has  been  shown  [22]  that  the  mechanism  of  action  of  many  radio¬ 
protectors  is  connected  with  the  liberation  of  free  sulfhydryl 
groups.  It  is  interesting  that  in  regenerating  tissues  the  con¬ 
tent  of  reduced  sulfhydryl  compounds  is  increased  [23»  24],  We 
have  shown  that  regenerating  muscle  whioh  has  increased  radio¬ 
resistance  contains  68$  more  free  SH-groups  than  normal  rausole. 
Thus,  this  metabolic  characteristic  of  regenerating  tissues  is 
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also  in  accord  with  their  Increased  radioresistance. 

Moreover,  various  antioxidants  which  are  produced  during 
metabolism  play  the  known  role  of  radioprotectors  in  regenerating 
tissues.  The  data  from  investigations  [251  in  which  the  low  value 
of  the  oxidation-reduction  potential  of  regenerating  tissues  was 
shown  indicates  their  increased  content. 

It  is  likely  that  the  enumerated  data  do  not  exhaust  all  the 
metabolic  characteristics  of  regenerating  tissue  connected  with 
its  increased  radioresistance.  However,  the  available  experimen¬ 
tal  material  clearly  shows  how  closely  radioresistance  is  con¬ 
nected  with  the  functional  state  of  the  tissue,  with  its  metabo¬ 
lism.  As  a  result  of  the  characteristics  of  the  metabolism  in  re¬ 
generating  tissues,  conditions  are  created  which  decrease  RT  pro¬ 
duction,  and  consequently,  the  injurious  effect  of  radiation.  The 
concept  of  radioresistance  includes  not  only  vulnerability  to 
ionizing  radiation,  but  also  the  capacity  for  regenerative  proc¬ 
esses  after  its  action.  It  is  entirely  possible  that  during  re¬ 
generation  conditions  are  created  in  the  tissues  which  promote 
recovery  processes  both  at  the  tissue  and  at  the  cellular  level. 

A  more  detailed  study  of  radiation-chemical  processes  in 
regenerating  tissues  and  the  principles  of  the  production  and  ef¬ 
fect  of  RT  will  make  possible  an  even  deeper  understanding  of 
their  role  in  the  radioresistance  of  various  organisms  and  their 
tissues . 
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A  STUDY  OF  THE  ROLE  OF  TOXINS  IN  RADIATION  DAMAGE 
OF  COTTON  PLANTS  BY  MEANS  OF  GRAFTS 

N.N.  Nazirov  and  A.  Sadykov 
(Institute  of  Experimental  Plant  Biology, 

UzSSR  Academy  of  Sciences) 

In  recent  years  more  and  more  significance  in  the  radiation 
injury  of  living  organisms  is  being  ascribed  to  a  disturbance  in 
metabolic  processes  in  the  cell  and  as  a  consequence  of  the  ac¬ 
cumulation  in  it  of  abnormal  metabolites  (see  [1-6]  and  others). 

A  convenient  method  of  determining  the  role  of  metabolic 
changes  in  the  irradiated  organism  and  of  the  toxic  metabolic 
products  formed  as  a  result  in  the  biological  effect  of  radiation 
is  grafting  of  an  irradiated  plant  or  its  individual  organ  to  an 
unirradiated  plant.  In  experiments  with  transplantation  of  unir- 
radlated  wheat  germs  into  irradiated  endosperms  [7]  and  in  inves¬ 
tigations  with  the  grafting  of  unirradiated  potato  parenchymatous 
cones  to  an  Irradiated  tuber  cf  adult  plants  [6,  8],  a  typical 
picture  of  radiation  injury  was  observed  with  the  sole  difference 
that  the  effect  was  quantitatively  less  than  after  direct  irradi¬ 
ation  of  the  plants.  The  given  question  is  also  interesting  with 
respect  to  cotton  plants. 

For  this  purpose  cotton  plants  of  the  108-‘t>  variety  (Gomv  - 
pium  hii'eutum  L.  )  grown  from  ordinary  seeds  were  grafted  onto 
plants  grown  from  Irradiated  seeds  of  the  same  variety  and  vtc>' 
versa.  Grafts  of  plants:  unirradiated  to  unirradiated  and  irradi¬ 
ated  to  irradiated  served  as  the  control  (an  outline  of  the  ex¬ 
periments  is  presented  in  Table  1). 

The  experiments  were  carried  out  in  1964  near  Tashkent. 

Seeds  which  had  been  moistened  for  24  hrs  in  water  were  irradi¬ 
ated  with  Co*®  y-rays  in  equipment  of  the  UsSSE  Academy  of  Sci¬ 
ences  Institute  of  Nuclear  Physics  at  a  dose  rate  of  *4  r/sec. 

The  total  dose  was  XO  kr.  Cowing  of  the  Irradiated  and  unirradi¬ 
ated  seeds  was  carried  out  on  the  day  of  irradiation  un  Wagner 
vessels  with  a  capacity  of  11  kg  of  soil.  Before  impaction  3  g 
of  P*G»  and  2.5  g  of  KjO  was  added  to  each  vessel  and  the  plants 
received  2.5  g  of  nitrogen  in  the  form  of  supplementary  feedings 
in  various  growth  phases. 

The  plants  were  grown  under  natural  conditions  on  a  platform 
with  a  humidity  of  65*  of  the  complete  water  capacity.  The  experi¬ 
ments  were  repeated  five  times;  two  plants  wore  grown  in  each  ves¬ 
sel. 
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TABLE  1 

Outline  of  the  Experiment 


Exp. 

No. 


Rootstock 


Scion 


Unirradiated  x  unirradiated 
Unirraaiated  x  irradiated 
Irradiated  x  unirradiated 
Irradiated  x  irradiated 


Grafting  of  the  plants  was  carried  out  in  the  morning  (from 
6  to  8  AM)  and  evening  (from  8  to  9:30  PM)  hours  in  the  4-5  true 
leaf  phase  by  the  "ligule"  method  with  the  lower  part  of  the 
scion's  stem  dipped  in  a  test  tube  containing  water.  In  this 
case,  in  order  to  avoid  rapid  drying  of  the  tissue  surface  the 
region  of  contact  of  the  rootstock  and  scion  was  wrapped  with 
polyethylene  tipc  -’vich  was  removed  as  the  grafted  components 
grew  together.  Water  was  added  to  the  test  tubes  every  day.  After 
complete  growing  together  of  the  components  (7-10  days  after 
grafting)  the  tapes  and  the  test  tubes  containing  water  were  re¬ 
moved;  99#  of  the  roots  took.  Then  in  order  to  strengthen  the 
interference  of  the  components,  the  "mentor"  method  was  used  for 
some  of  the  grafted  plants:  the  generative  organs  were  removed 
from  the  rootstock  and  all  the  leaves  were  removed  from  the  scion 
with  the  exception  of  the  very  top  1-2  rudimentary  leaflets. 

In  all  cases.  Independently  of  the  combination,  the  following 
served  as  criteria  of  the  effectiveness  of  the  toxins  produced 
from  the  effect  of  radiation:  growth,  development,  size,  morpho¬ 
logical  change  in  the  bolls  and  yield  of  raw  cotton  in  the  scion. 


TABLE  2 

Effect  of  Irradiated  and  Unirradlated  Root- 
stock  on  Scion's  Growth  and  Development 


Hart XT****  <  mcAtymtam 
Htotoymtm*  v  c&wmm 
Oinfmmm  x  mMwb 
Otaymmu  y  tAyfmmm 


!*,»*»  *» 
I.SC±t44 


1)  Number  of  variant;  2)  variant;  3)  height  of  main  'tarn  of  scion 
on  10  September*  on;  4)  period  from  seedlings  to  budding,  days; 

5)  unirradlated  *  unirradlated;  6)  unirradiated  *  Irradiated;  t) 
Irradiated  *  unirradlated;  8)  Irradiated  *  irradiated. 
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TABLE  3 


Effect  of  Irradiated  and  Unirradiated  Rootstock 
on  Size  of  Bolls  and  Yield  of  Raw  Cotton  in 
Scion  (60  plants) 


•III 

1 

Hnc*o  I 

aoftpawui 
■MpO0O*MK 

OdmmA  tit 
CSpm  C  SIMTD 
parr  awns, 
t 

fee  uni 

Mofen, 

* 

_XJ 

;> 

ii 

1 

1 

HcotaywHHw*  x  mo&ty<KHHUe  6 

243 

21.1 

5.1 

2 

3 

Hfotaytmm*  .<  ofaytemwf 
O&ty'KHMUe  x  o 

243 

237 

18,1 

18.9 

4.6 

4.8 

4 

O&lpMKMC  X  Ofry'MHKUt  9 

245 

18.2 

4.4 

1)  Number  of  variant 

2)  Variant 

3)  Number  of  bolls  collected 

4)  Total  weight  of  raw  material  from  one  plant,  p 

5)  Weight  ci'  one  boll,  g 

6)  Unirradiated  *  unirradiated 

7)  Unirradiated  x  irradiated 

8)  Irradiated  x  unirradiated 

9)  Irradiated  x  irradiated 


The  observations  showed  (Tables  2  and  3)  that  irradiation 
of  moistened  cotton  seeds  with  Y-rays  in  a  dose  of  10  kr  con¬ 
siderably  suppresses  growth,  retards  development  and  while  not 
essentially  affecting  the  productivity  of  the  plants,  decreases 
the  sise  of  the  bolls  which  decreases  the  yield  of  raw  cotton 
(variant  A).  When  an  irradiated  plant  Is  grafted  on  on  unirradi¬ 
ated  plant,  the  effect  of  the  radiation  is  noticeably  removed  in 
the  scion  (variant  2>;  growth  and  development  occur  normaliy, 
the  weight  of  the  bolls  and  the  yield  of  raw  cotton  are  decreased 
to  a  leaser  degree  than  in  the  irradiated  control  (variant  *0. 
Consequently,  under  the  influence  of  the  unirradiated  rootstock 
toxic  substances  are  rendered  harmless  and  normalisation  of  dis¬ 
turbed  metabolic  processes  occurs  in  the  irradiated  scion  which 
was  reflected  in  the  growth,  development  and  economically  valu¬ 
able  properties  of  the  latter.  With  the  opposite  combination,  on 
the  other  hand,  under  the  influence  of  the  irradiated  rootstock 
a  noticeable  suppression  of  growth  and  development,  a  decrease  in 
boll  else  and  yield  of  raw  cotton  occurs  in  the  unirradiated 

scion. 

An  interesting,  in  our  opinion,  phenomenon  is  found  from  a 
study  of  the  remote  effect  of  radiotoxine  on  the  shape  of  the 
bolls,  From  self-grafting  of  an  irradiated  plant  on  an  irradi¬ 
ated  (control)  plant,  deformed  bolls  are  produced  both  in  the 
scion  and  in  the  rootstock  (ate  Figs.  1  and  2),  When  an  irradiated 
plant  is  grafted  to  an  unirradiated  plant  and  after  artificial 
removal  of  all  the  leaves  from  the  former  and  the  fruiting  orgnns 
froSr^he  latter  ("mentor"  method),  the  grafted  plant,  as  a  rule, 
produces  morphologically  completely  nonsal  bolls  (Fig.  3).  How¬ 
ever,  if  the  irradiated  scion  has  but  1-2  of  its  own  leaflets* 
thle  is  not  observed  -  boils  characteristic  of  irradiation  are 
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produced  on  it  (Pig.  4).  When  an  unirradiated  plant  is  grafted  to 
an  irradiated  plant  and  the  ind' "0ted  "mentor”  method  l?*  used, 
externally  unchanged  bolls  are  produced  on  the  rrirradiated  scion 
(Pig.  5).  But  again  the  effect  of  the  rootstock  on  the  morphology 
of  the  bolls  is  not  found  in  the  scion  if  1-2  of  its  own  upper 
leaves  are  left  on  the  latter. 


Fig.  1.  Boll  of  unirradiated  Fig.  2.  Part  of  the  stem  with 

cotton  plant  of  the  108-$  deformed  boll  of  irradiated 

variety  (control).  plant  grafted  to  an  Irradiated 

plant  (control). 


In  connection  with  what  has  been  stated  the  question  natu¬ 
rally  arises  of  whether  the  change  ir.  the  bollc  which  develops  in 
an  unirradiaced  scion  under  the  influence  of  the  irradiated  root- 
stock  is  hereditary  or  is  only  somatic.  In  order  to  answer  this 
question,  the  seed  generation  obtained  from  the  divergent  bolls 
of  the  scion  are  being  studied  at  the  present  time. 

Thus,  the  appearance  of  deformed  bolls  on  an  unirradiated 
scion  under  the  influence  of  the  Irradiated  rootstock  or,  vice 
versa,  the  production  of  morphologically  normal  fruit  in  an  ir¬ 
radiated  plant  grafted  to  an  unirradiated  depends  on  the  presence 
of  the  scions  own  leaves.  Morphological  deviations  in  the  bolls 
or  the  recovery  of  their  shape  occurs  only  in  fhe  absence  of  the 
scion's  own  leaves.  This  leads  to  the  thought  that  an  unlrradlated 
scion  in  the  pretence  of  Its  own  normally  photosynthesising  leaves 
renders  harmless  the  toxic  substances  which  have  entered  it  from 
the  irradiated  rootstock.  As  a  result,  the  developing  fruit  re¬ 
ceive  the  usual  assimilation  products,  while  in  the  absence  of 
leaves  the  scion  is  deprived  of  this  possibility  and  abnormal 
metabolites  enter  the  fruit  developing  on  them  from  the  irradi¬ 
ated  rootstock  and  cause  changes  in  their  shape.  On  the  other 
hand,  in  the  absence  of  its  own  leaves  from  an  irradiated  scion 
-  the  usual  compounds  enter  it  from  the  unirradiated  rootstock 


-  2  S  3  - 


and  It  produces  morphologically  normal  fruit.  In  an  irradiated 
scion  in  the  presence  of  its  own  leaves,  the  disturbance  in  the 
metabolic  processes  and  the  production  of  toxic  substances  is  so 
strong  that  the  compounds  which  have  entered  from  the  ttninadl- 
ated  rootstock  cannot  completely  normalize  the  metabolism  and 
block  abnormal  products  in  the  scion  and  the  latter,  entering 
the  developing  fruit,  cause  their  deformation. 


GR/;P!!E  NOT 


;  .  .  v 

^  5  *  .  •' 


Pig.  3.  Irradiated  plant  grafted  to  unirradiated.  The  leaves  have 
been  removed  from  the  scion  and  the  fruiting  organs  from  the  root- 
stock;  normal  bolls  were  produced  on  the  scion. 


Pig.  4.  Part  of  the  stems  of  un¬ 
irradiated  rootstock  and  Irradiated 
scion  with  part  of  the  leaves  left 
on  the  latter.  P>oIl  of  the  scion 
is  deformed. 
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Pig.  5*  Unirradiated  plant  grafted  to  irradiated.  The  leaves  have 
been  removed  from  the  scion  and  the  fruiting  organs  from  the  root- 
stock.  One  of  the  two  developing  bolls  on  the  scion  is  deformed. 


According  to  the  data  of  some  authors  (for  example,  [1,  8]), 
under  the  influence  of  radiation,  intermediate  oxidation  products 
of  semiphenol  and  semiquinone  nature  are  formed  in  the  organism, 
while  according  to  the  results  of  other  investigations  (for  ex¬ 
ample,  [2,  4,  5]),  after  irradiation  the  accumulation  of  organic 
peroxides  of  lipid  nature  occurs.  In  our  opinion,  in  addition  to 
these  classes  of  substances  any  substance  is  responsible  for  the 
radiobiological  effect  if  its  amount  in  the  cell  inordinately  ex¬ 
ceeds  the  norm,  since  under  the  influence  of  radiation  the  organi¬ 
zation  and  coordination  of  the  activity  of  enzyme  systems  is  pri¬ 
marily  disturbed:  the  activity  of  some  enzymes  is  increased,  the 
activity  of  ethers  is  suppressed  (see  [1,  3,  5]  and  others).  As 
a  result  the  synthesis  or  the  breakdown  of  some  compounds  is  in¬ 
tensified,  and  of  others,  It  is  decreased,  which  creates  a  dis¬ 
proportion  in  the  amount  of  various  substances  in  the  cells. 

An  increase  in  the  concentration  of  substances  usually  harm¬ 
less  to  the  cell,  even  those  such  as  water-soluble  carbohydrates 
and  amino  acids,  beyond  certain  limits  is  ballast  for  the  organ¬ 
ism  and  leads  to  various  physiological  changes,  in  particular, 
it  suppresses  plant  growth  [9-133.  We  are  now  conducting  appro¬ 
priate  investigations  in  this  direction. 
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THE  PROPERTIES  OF  A  RADIOTOXIC  SUBSTANCE  SUFFICIENT  TO 
CAUSE  DEATH  OF  MAMMALS  30  DAYS  AFTER  IRRADIATION 

V.I.  Susllkov 

(Institute  of  Biophysics.  USSR  Academy  of  Sciences) 

Hypotheses  that  in  Irradiated  organisms  toxic  substances  are 
produced  which  are  capable  by  themselves  of  causing  many  effects 
which  arise  as  the  result  of  the  action  of  ionizing  radiation  are 
considered  as  proved  at  the  present  time  (see  [1]  and  this  collec¬ 
tion.  pages  4  and  90).  At  the  same  time,  the  question  of  the  rela¬ 
tive  significance  of  radiotoxic  substances  in  general  and  those 
known  at  the  present  time,  in  particular,  in  the  death  of  mammals 
in  the  first  30  days  after  irradiation  has  still  not  been  answered. 

We  believe,  and  this  is  our  initial  assumption,  that  a  radio- 
toxic  substance  is  of  decisive  importance  in  determining  the  prob¬ 
ability  of  the  lethal  effect  of  radiation  in  mammals  in  the  first 
30  days  after  irradiation.  This  oonvlotlon  is  based  on  the  fact 
that  is  is  possible  with  the  help  of  the  radiotoxic  substance  hy¬ 
pothesis  (by  ascribing  to  it  four  simple  natural  properties;  see 
below)  to  explain  from  a  single  standpoint,  on  the  one  hand,  cer¬ 
tain  still  unexplained  fundamental  results  of  fractionated  irradi¬ 
ation  of  animals  with  sublethal  doses  of  radiation,  and  on  the 
other,  some  also  unexplained  quantitative  relations  between  single 
local  and  total  irradiations  with  sublethal  doses  of  radiation. 

To  determine  the  possible  properties  of  the  radiotoxic  sub¬ 
stance  which,  according  to  the  initial  assumption,  plays  the 
decisive  role  in  the  development  of  processes  leading  to  the 
death  of  irradiated  mammals  in  the  first  30  days  after  irradia¬ 
tion,  we  used  results  of  radiation's  injurious  effect  after 
fractionated  irradiation  with  sublethal  doses.  We  shall  present 
these  results  briefly. 

Under  conditions  of  two  irradiations,  when  only  the  first 
dose  is  sublethal,  the  probability  of  death  decreases  with  an 
increase  in  the  time  Interval  between  the  two  fractions.  It  is 
taken  for  granted  that  reparation  of  the  injury  oaused  by  the 
first  Irradiation  ocours  in  the  time  between  the  two  irradiations, 
so  that  "the  second  dose  does  not  add  to  the  initial  dose,  but  to 
its  decreased  value  whloh  remains  at  the  moment  of  application  of 
the  second  radiation  effect."  This  decreased  dose  is  oalled  the 
"residual  dose." 

It  turned  out  that  the  ohange  in  the  residual  dose  with  time 
in  many  oases  is  exponential  [2-14].  The  exponential  nature  of  the 
reparation  of  the  residual  dose  at  the  level  of  a  multicellular 
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organism,  in  our  opinion,  must  play  the  same  major  role  in  radio- 
biology  as  occurred  with  respect  to  the  exponential  nature  of  the 
accumulation  of  radiation's  inactivating  effect  at  the  molecular 
and  cellular  levels. 

To  explain  the  fact  of  the  exponential  nature  of  the  residual 
dose '8  reparation  in  time  at  the  level  of  the  multicellular  organ¬ 
ism,  we  have  suggested  and  examined  a  simple  phenomenological  mod¬ 
el  of  radiation's  effect  on  a  multicellular  organism  [15J. 

Within  the  framework  of  this  model,  in  order  that  it  deter¬ 
mine  the  death  of  mammals  in  the  first  30  days  after  irradiation, 
it  is  sufficient  to  ascribe  to  the  radiotoxic  substance  (in  refer¬ 
ence  [15]  it  bears  the  name  "essential  reparable  link")  the  fol¬ 
lowing  four  natural  properties : 

1.  The  amount  of  toxic  substance  formed  is  directly  propor¬ 
tional  to  the  irradiation  dose  in  the  range  from  zero  to  several 
thousand  roentgens.  Saturation  sets  in  at  higher  irradiation 
doses  so  that  the  amount  of  toxic  substance  cannot  increase  in¬ 
finitely  (see  this  collection,  pages  28  and  37). 

It  is  natural  to  assume  in  this  case  that  the  amount  of  toxic 
substance  formed  per  unit  dose  and  per  unit  weight  of  the  irradi¬ 
ated  tissue  area  will  be  different  in  different  irradiated  sec¬ 
tions  of  the  animal's  body.  This  assumption  can  be  written  in 
symbolic  form  as  follows: 

H**  at  upm*  (i) 

where  m ^  is  the  mass  of  tjhe  tissue  segment  being  Irradiated  in 
a  dose  of  D.  j  x\,  -  const  -  "the  specific  amount  of  toxic  substance 
formed,"  that  is,  averaged  over  the  whole  mass  irradiated  in 
dose  D i  in  1  unit  mass  of  the  body  segment  m ^  and  per  unit  of  the 
radiation  dose;  D ^  is  the  threshold  irradiation  dose  (at  ra¬ 

diation  doses  higher  than  ^  saturation  sets  in  the  irradi¬ 
ated  segment  m^,  that  is,  deviation  of  the  relation  between  and 
D from  direct  proportionality). 

2.  The  time  in  which  the  amount  of  toxic  substance  reaches 
its  maximum  value  does  not  depend  on  the  irradiation  dose  and  the 
site  of  its  production. 

3.  After  reaohlng  its  maximum  value,  the  amount  of  the  tox- 
io  substanoe  decreases  with  time  at  a  rate  proportional  to  its 
concentration: 


(2) 

where  k  ■  k(D)  >  0.  The  rate  k  dep  ids  on  the  irradiation  dose 
.  but  the  time  during  which  the  amount  of  the  toxic  substanoe  de¬ 
creases  by  half  is  never  less  than  several  days. 
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4.  The  organism  dies  when  and  only  when  the  total  amount  of 
toxic  substance  in  the  entire  irradiated  organism  reaches  some 
threshold,  or  critical,  value.1  (This  should  occur  within  the 
time  from  zero  to  3  days  after  conclusion  of  the  next  irradia¬ 
tion,  if  the  irradiation  is  fractionated.)  This  threshold  is  dif¬ 
ferent  for  different  animals  in  virtue  of  biological  variability 
(in  order  that  50$  of  the  animals  die,  it  is  necessary  that  a 
threshold  be  reached  greater  than  that,  for  example,  for  20$) : 

77  =  S/7,~/7„*.  (3) 

In  other  words,  when  this  threshold  is  reached,  some  (still 
unidentified)  vitally  important  system  in  the  organism  is  "poi¬ 
soned”  and  the  animal  dies  independently  of  the  rate  at  which  the 
toxic  substance  is  removed  from  the  organism. 

It  is  sufficient  for  the  toxic  substance  to  have  these  four 
properties  for  it  to  be  the  material  substrate  which  *  in  under¬ 
going  the  effect  of  reparation  processes  detected  by  the  method 
of  two-fold  irradiation,  can  provide  the  exponential  character 
of  the  decrease  of  the  "residual  dose"  in  time  -  the  injury  caused 
by  a  sub lethal  dose  of  radiation. 

Some  arguments  in  favor  of  the  correctness  of  each  of  the 
four  properties  were  presented  earlier  [15],  therefore  a  differ¬ 
ent  method  of  proving  the  correctness  of  the  proposed  model  is 
given  in  this  article,  slnoe  this  method  was  presented  very 
briefly  in  [15].  We  are  talking  about  the  experimental  confirma¬ 
tion  of  a  very  unexpected  result  of  two  of  the  indicated  proper¬ 
ties.  The  lack  of  triviality  and  the  unexpectedness  of  this  re¬ 
sult  are  underlined  both  by  the  fact  that  it  concerns  only  one 
irradiation  with  lethal  doses,  on  the  one  hand,  and,  on  the  other 
hand,  by  the  fact  that  it  establishes  a  completely  determined 
quantitative  connection  between  equivalent  local  and  total  irra¬ 
diations. 

Only  properties  1,  2  and  4  are  needed  to  derive  this  result, 
since  property  3  has  significance  only  for  fraotlonated  irradia¬ 
tion.  Using  Relations  (1)  and  (3)  we  shall  attempt  to  predict, 
let  us  say,  the  LDg0^0  (AQ)  after  a  total  irradiation,  based  on 

the  results  of  looal  and  "supplementary  looal"  (tnat  is,  irradia¬ 
tion  of  only  that  part  of  the  body  whloh  was  screened  during  the 
local  irradiation)  irradiations. 

For  local  irradiation  the  ^50/30*  for  convenience  denoted 
in  the  future  by  z^,  must  be  connected  with  the  weight  of  the  ir¬ 
radiated  seotlon  in  the  following  way:1 

(1,> 

Here  is  the  specifio  amount  of  the  toxic  substance  formed  after 

looal  irradiation,  is  the  weight  of  the  irradiated  part  of  the 

animal's  body  and  fl(50)  is  the  threshold  value  for  the  toxic  sub- 
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stance  at  which  5036  of  the  irradiated  animals  die. 


For  the  supplementary  local  irradiation  we  have  analogously 


¥iA  -  nm 

and,  finally,  for  total  irradiation 


USA  -f  tj  =  /7J*. 


(5) 

(6) 


We  shall  carry  out.  successively  in  Relations  (4)-(6)  the  follow¬ 
ing  operations : 


/**•>  D,  ’  I7(S0) 

,fK  pm  "uptn 


1  i  T****  —  j 

C-r 


We  obtain  from  the  thus  altered  relations  (4)- (6)  the  following 
evident  relation  between  £>1,  D d  and  D^: 


Dr 


(7) 


Using  Relations  (4)  and  (5)  it  is  also  possible  to  predict 
some  results  of  local  and  nonuniform  total  irradiations  when  seg¬ 
ments  m *  and  n>d  are  irradiated  not  with  the  same  dose  D t  (as  oc¬ 
curs  during  uniform  total  irradiation),  but  with  different  doses: 
D,(Q<Dm  <Da)mad Dm (0< D'm <DJt  respectively  (of  course,  here  the  non- 

uniform  total  irradiation  must  be  of  equal  effect  with  the  local 
irradiations,  that  is,  lead  to  the  death,  for  exanple,  of  the  same 
50$  of  the  animals).  Under  conditions  of  such  nonuniform  total  ir¬ 
radiation,  as  one  can  easily  be  persuaded,  between  the  values 

and  Pd  (at  known  Dp  there  must  be  the  following  quantitative  re¬ 
lation: 


<a) 

Thus,  Relation  (8)  reflects  the  interchangeability  of  two 
different  local  irradiations,  namely:  if  doses  and  Dd  each 

lead  separately  to  the  death,  let  us  say,  of  50$  of  the  animals, 
the  simultaneous  irradiation  of  two  parts  of  the  animal  with  a 

dose  (on  segment  m p  and  a  dose  oi'-y  ft  (on  segment 

*d)  or  nonuniform  irradiation  in  any  other  combinations^, «  — •  ft 

andft-  -2=L  ft  at  n  >  1)  also  will  lead  to  the  death  of  the  snme 

50$  of  the  animals.  Relation  (8)  thus  emphasises  most  graphical¬ 
ly  the  correctness  of  our  interpretation  of  the  faotor  which  pos¬ 
sesses  the  four  properties  indicated  above  as  a  radiotoxic  sub¬ 
stance.1 

Thus,  Relations  (7)  and  (8*  represent  the  desired  relations 
between  the  LD50/30  t0**l  •***  local  irradiations.  This  re- 
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lation,  as  one  can  easily  be  convinced,  must  be  observed  not  only 
for  doses  causing  the  death  of  501  of  the  animals,  but  also  for 
any  other  equally  effective  doses  of  irradiation. 

Connection  Between  the  ^50/30  In  Rats  After 
Total  and  Local  Irradiations 
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1)  Area  of  irradiation 

2)  Weight  of  irradiated  segment,  mg 

3)  ^50/30 

4)  Experimental 

5)  Calculated  from  Formula  (7) 

6)  Reference 

7)  Total  irradiation 

8)  Epigastrium 

9)  Entire  body  except  epigastrium 

10)  Abdosien 

11)  Entire  body  except  abdomen 

12)  Cysteamlne  before  total  Irradiation 

13)  Cysteamlne  before  Irradiation  of  abdomen 

1*0  Cysteamlne  before  Irradiation  of  entire  body  except  abdomen 


Some,  unfortunately,  scanty  experimental  facts  In  favor  of 
the  correctness  of  the  result  which  we  derived  (7)  are  presented 
In  the  table  (there  are  no  experimental  data  In  the  literature 
with  respect  to  (8)]. 

Although  the  agreement  of  the  theoretical  and  experimental 
results  is  satisfactory  in  the  oases  presented,  we  should  like  to 
obtain  additional  and  more  convlnolng  data,  from  which.  In  par¬ 
ticular,  It  would  be  seen  that  this  agreement  is  not  a  chance, 
but  completely  reproducible  phenomenon.  It  is  also  desirable  to 
verify  Formula  (7)  at  sub lethal  and  alethal  doses  C(8)  at  all 
dose  levels]  as  well  as  in  small  segments  of  local  Irradiation* 
r in  order  to  determine  the  Units  of  applicability  of  Relation 
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(1)].  If  Formulas  (7)  and  (8)  are  confirmed  under  these  condi¬ 
tions  it  will  be  possible  to  use  the  concepts  presented  above 
with  great  confidence  both  in  the  attempt  to  identify  the  factor 
which,  evidently  being  a  radiotoxic  substance,  gives  rise  to 
processes  leading  to  radiation  sickness  after  local  irradiations, 
as  well  as  to  a  lethal  effect  after  one  and  fractionated  irradia¬ 
tions,  and  in  seeking  new  methods  of  treating  radiation  sickness. 
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Footnotes 


*It  is  precisely  this  property  which  is  evidently  the  i 

only  character  in  which  the  toxic  factors  generally  1 

differ  from  any  others  which  also  lead  to  a  fatal  out-  3 

come  [either  without  any  production  of  toxic  substances  I 

at  all  or  through  the  production  (by  acting  on  various  1 

parts  of  the  body)  of  different,  that  is,  not  inter-  1 

changeable  in  final  effect  [see  Formulas  (7)  and  (8)3 
toxic  substances]. 

’With  the  assumption  that  m ^  is  sufficiently  large  so 

that  the  inequality  D ^  <  D 1  krlt  is  observed  (see 

property  1).  A  similar  assumption  is  made  in  writing 
Relation  (5). 

'Relation  (8)  can  also  be  used  for  identifying  this  ra¬ 
diotoxic  substance  among  known  (from  the  "Survival 
Rate"  test  or  from  other  tests)  radlotoxlc  substances. 

In  this  case  and  0,  are  the  respective  doses  of  the 

test  substance  Injected  into  the  animal  and  DL  and  V d 
are  the  doses  of  ionising  radiation. 

'With  a  decrease  in  the  area  of  local  irradiation  the 
saturation  effect  can  begin  tp  show  up  (see  property 
1).  In  this  ease  we  will  obtain  decreased  values  for 
dose  D j  from  Relation  (7).  To  obtain  more  correct 

values  it  is  necessary  to  replace  Relation  (7)  with  a 
more  general  relation  derived  by  taking  into  account 
the  possible  effect  of  saturation.  The  derivation  of  a 
more  general  relation  taking  into  account  not  only  the 
saturation  effect  but  also  the  possible  existence  of 
several  radlotoxlc  substances,  several  reparation  mech¬ 
anisms  of  the  "residual  dose,"  etc.  is  beyond  the  soope 
of  this  article* 


Trans 11 tt rated  Symbol  * 


KpxT  ■  krit  *  krltloheskly  •  critical 
n  ■  1  »  lokal'nyy  *  local 

M  *  d  •  dopolnitel'nyy  •  supplementary,  additional 
T  •  t  ■  total'nyy  •  total,  whole-body 
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THE  PARTICIPATION  OF  RADIOTOXINS  IN  RADIATION'S  REMOTE  EFFECT 

L.M.  Kryukova  and  L.M.  Shmakova 
(Institute  of  Biophysics*  USSR  Academy  of  Sciences) 

It  was  shown  earlier  [1]  that  after  Irradiation  of  one  leaf 
of  a  whole  plant  Inhibition  of  mitoses  can  be  observed  in 
shielded  growth  points  of  the  plant  -  the  stem  and  roots.  Removal 
of  the  irradiated  leaf  immediately  after  irradiation  eliminated 
the  inhibition  of  mitoses  which  made  it  possible  to  assume  the 
production  of  radiotoxins  [RT]  (PT)  in  the  irradiated  leaf  with 
their  subsequent  migration  throughout  the  entire  plant  (2]. 


Fig.  1.  Oeneral  appearance  of  sun¬ 
flower  plants.  Left)  Experimental 
plant;  middle)  upper  bud  removed  with¬ 
out  radiation;  extreme  right)  control. 


Subsequently,  significant  morphological  changes  were  ob¬ 
served  C31  in  the  secondarily  developing  axillary  buds  after  lo- 
oal  Irradiation  of  the  soar  of  the  removed  upper  bud. 

In  the  present  Investigation  we  repeated  these  experiments 
and  attempted  to  detect  the  appearance  of  RT  in  the  shielded 
leaves  after  local  irradiation  of  the  scar  of  the  removed  upper 
bud.  The  experiments  were  carried  out  on  sunflowers  of  the  •pere- 
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dovik”  variety  of  the  1963  Elite  harvest.  On  the  ^Qth  day  after 
the  seeds  were  sown  the  upper  bud  was  removed  from  the  plants  and 
the  scar  from  this  bud  was  irradiated  with  x-rays  in  an  HUP-lh/f 
apparatus  with  a  dose  of  25  kr  at  a  tube  voltage  of  210  v  and 
current  strength  of  15  ma.  All  the  rest  of  the  plant  was  shielded 
with  lead.  Five  plants  were  used  in  each  variant  of  the  experi¬ 
ment.  The  typical  result  of  one  series  of  experiments  is  presented 
in  Fig.  1.  It  is  seen  from  the  figure  that  in  plants  in  which  the 
upper  bud  was  removed  (plant  in  the  middle  of  the  picture)  the 
lower  buds  developed  normally.  At  the  same  time,  in  experimental 
plants  in  which  the  upper  bud  was  removed  and  the  scar  from  this 
bud  irradiated,  deformed  flowers  developed  from  the  lower  buds 
(plant  at  the  extreme  left).  The  change  In  the  flowers  and  leaves 
which  occurred  from  the  effect  of  RT  is  clearly  seen  in  Fig.  2. 


Fig.  2.  Change  in  leaves  and  flowers  from  the  effect  of  radiotox¬ 
ins  overflowing  from  the  Irradiated  area  (local  irradiation  of 
scar  from  removed  upper  bud). 


To  demonstrate  the  appearance  of  RT  in  these  changed  leaves 
from  the  effect  of  local  irradiation,  an  extract  was  prepared  from 
the  leaves  of  experimental  and  control  plants  according  to  a  pre¬ 
viously  described  method  (23.  The  biological  activity  of  the  ex¬ 
tracts  was  determined  from  the  vitality  of  Ehrlich's  ascites  can¬ 
cer  ceils  according  to  a  method  described  by  Aysenman  et  al.  [*0. 
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The  data  from  these  investigations  are  presented  in  the  table. 
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Effect  of  Extracts  of  Control  and 
Experimental  Sunflower  Plants  on 
the  Vitality  of  Ehrlich's  Ascites 
Cancer  Cells  (Death  of  Cells  from 
the  Effect  of  Extracts  of  the  Ex¬ 
perimental  Plants  is  Taken  as  100£) 


nOBTOpHOCTk 

1 

;?  rwfitnk  uierac,  % 

KOHTpO.lh  (4HJHO.TO- 
^rH'WCKH#  f»CT»Op) 

no*  unKiM  >Korp«* 
TO*  M3  KOKTpMhmn 

4  PKTCMtf 

1 

17,6 

45.2 

2 

17,3 

41,3 

3 

26,8 

41,0 

4 

22,6 

42.4 

5 

24,2 

44,0 

6 

29.1 

50,0 

5  Cpejwee  .  . 

22,9±2,3 

43.9±1.4 

1}  Repetition 

2)  Death  of  cells,  % 

3)  Control  (physiological  solution) 

4)  Prom  the  effect  of  extracts  of  control  plants 

5)  Average 


As  seen  from  these  experiments,  biologically  active  sub¬ 
stances  -radiotoxins  which  kill  ascites  cancer  cells,  are  ac¬ 
tually  present  in  the  shielded  sunflower  leaves  which  underwent 
def(  raatlon  from  the  effect  of  irradiation  of  a  distantly  located 
part  of  the  plant. 

The  investigations  which  were  carried  out  confirm  our  hypoth¬ 
esis  that  the  remote  effect,  manifested  in  the  form  of  morphol¬ 
ogical  deviations,  is  caused  by  RT  flowing  into  the  unirradiated 
parts  of  the  plant  from  locally  irradiated  sites.  It  is  likely 
that  in  radiation's  direct  effect  no  small  role  in  the  observed 
disturbance  in  morphogenesis  belongs  to  the  RT  produced  in  the 
irradiated  tissues. 
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TARUSOV,  B.N. 


DISCUSSION 


Very  interesting  controversies  have  developed  here  today  on 
the  question  of  the  role  of  toxic  agents  in  the  primary  mechanisms 
of  radiation  lesion. 

A  great  deal  of  material  in  this  connection  has  been  pre¬ 
sented  by  A.M.  Kuzin's  laboratory,  which  demonstrates  on  the  ba¬ 
sis  of  experiments  chiefly  on  plants  that  the  principal  toxic 
products  of  endogenic  origin  in  radiation  lesion  are  semiquinones . 

Yu.B.  Kudryashov  and  his  colleagues  have  presented  a  vast 
amount  of  material  on  animals  in  which  they  shew  that  the  princi¬ 
pal  toxic  substances  in  radiation  sickness  are  products  of  bio¬ 
lipid  oxidation  -  fatty  acids  and  their  peroxides. 

It  3eems  to  me  that  there  are  no  great  fundamental  contra¬ 
dictions  in  these  two  directions. 

Ionizing  radiation  is  a  very  strong  physical  agent,  however, 
it  does  not  always  lead  to  the  development  of  reactions  of  the 
autocatalytic  type  with  high  quantum  yields  which  can  only  cause 
the  observed  phenomena  of  the  lesion.  The  possibility  of  the  de¬ 
velopment  of  reactions  of  this  type  is  determined  by  the  reactiv¬ 
ity  of  the  substrate.  We  have  long  paid  attention  to  the  fact 
that  reactions  induced  by  ionizing  emissions  in  lipid  fractions 
of  cell  cultures  satisfy  this  condition.  The  fact  that  chain  oxi¬ 
dation  of  lipids,  from  which  the  principal  cellular  structures 
with  enzyme  systems  located  on  them  are  formed,  occurs  in  the 
initial  act  evidently  does  not  now  evoke  doubts.  Destruction  of 
the  lipid  base  by  oxidation  disorganizes  their  coordination.  BacJ 
and  Alexander,  for  example,  are  now  examining  the  system  of  the 
primary  lesion  in  precisely  this  aspect. 

In  speaking  of  this  general  system,  we  must  take  into  ac¬ 
count  that  this  oxidation  reaction  takes  place  in  a  complex  en¬ 
vironment  of  various  lipid  and  liposoluble  substances  containing 
oleates,  lipovitamins ,  flavins,  etc.  Therefore,  the  reaction  is 
very  complicated  in  nature.  Its  autoaccelerating  nature  indicates 
that  it  must  take  place  in  stages  with  the  production  of  active 
Intermediate  products.  These  active  intermediate  products  arise 
and  multiply  in  each  chemical  act  and,  acting  on  intact  molecules 
of  the  biosubstrate,  caus  in  them  (initiate)  chemical  conver¬ 
sions  of  the  same  nature.  These  active  intermediate  radicals  and 
peroxides  are  the  primary  toxic  products.  Being  accumulated  in 
the  initial  act  of  the  effect  of  radiant  energy,  they  can  provide 
for  the  persistent  development  of  the  process. 
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The  data  presented  by  Yu.B.  Kudryashov  showed  quite  convinc¬ 
ingly  in  kinetic  experiments  that  the  lipid  oxidation  products 
which  he  obtained  are  such  intermediate  agents  of  the  chain  oxi¬ 
dation  of  lipids,  capable  of  inducing  reactions  of  this  type  in 
the  structural  blolipids  of  cells.  Along  with  this,  the  work  of 
A.M.  Kuzin's  school,  who  in  operating  with  other  characteristics 
found  toxic  substances  of  the  semiquinone  type,  which  in  their 
experiments  were  capable  of  initiating  oxidation  reactions  of 
this  type  in  biolipids,  as  their  joint  experiments  with  Kudrya¬ 
shov  showed  ,  appears  convincing. 

It  is  impossible  to  see  a  contradiction  in  this.  If  the  same 
reaction  produces  two  products,  then  they  both  participate  in  one 
process.  It  is  necessary  only  to  find  their  place  and  sequence. 
Moreover,  one  must  take  into  account  that  the  concept  "semiqui¬ 
none”  has  now  become  very  broad  and  those  substances  about  which 
A.M.  Kuzin  is  talking  are  very  close  in  their  chemical  properties 
to  fatty  acids  and  their  peroxide  radicals.  In  any  case,  it  can 
now  be  said  that  in  the  complex  primary  reaction  which  develops 
from  the  effect  of  radiant  energy  and  strikes  at  the  weakest  re¬ 
action  link  —  the  lipid  complex,  a  study  of  the  toxic  substances 
(active  intermediate  compounds)  is  very  urgent.  There  are  many  of 
these  products  and  we  still  know  very  little  about  them,  and  aft¬ 
er  all  these  are  the  principal  activators  of  the  principal  radio¬ 
chemical  reactions  in  the  biosubstrates. 

I  cannot  help  but  mention  one  further  promising  point.  This 
is  the  demonstration  of  the  mechanism  of  DNA  (flHK)  injury  by  ra¬ 
diant  energy.  Prom  the  viewpoint  of  the  direct  effect  of  radia¬ 
tion,  the  damage  to  this  system  is  inexplicable  in  connection  with 
the  fact  that,  as  a  study  of  radiation  reaction  activity  shows, 
the  DNA  system  is  many  times  more  resistant  than  lipids.  The  ques¬ 
tion  arises  of  whether  the  active  intermediate  products  which  de¬ 
veloped  during  the  reaction  —  toxic  substances  —  will  have  suffi¬ 
cient  energy  to  initiate  oxidative  conversions  in  the  DNA  mole¬ 
cule.  Investigations,  which  have  been  reported  on  here,  concerning 
the  fact  that  the  toxic  substances  produced  in  the  lipids  during 
irradiation  can  have  a  genetic  effect,  are  of  great  interest. 

SHTUKKENBERG,  Yu.M. 

It  is  extremely  tempting  to  raise  the  question  of  the  exist¬ 
ence  and  nature  of  the  primary  toxins  since  in  this  case  the  en¬ 
tire  problem  of  radiation  injury  and  protection  is  extremely  sim¬ 
plified.  However,  it  is  dear  that  whatever  important  role  indi¬ 
vidual  primary  toxins  play  in  radiation  lesion,  they  alone  cannot 
wholly  explain  the  entire  complex  set  of  disturbances  caused  by 
the  action  of  radiation,  since  in  an  unirradiated  organism  pri¬ 
mary  toxins  begin  to  act  against  a  background  of  a  normally  func¬ 
tioning  organism  and  in  an  irradiated  organism  —  against  a  back¬ 
ground  in  which  metabolic  processes  and  the  functions  of  all  the 
organism's  systems  are  disturbed  to  one  or  another  degree.  There¬ 
fore,  the  effect  of  toxins  alone  in  an  unirradiated  organism  can¬ 
not  cause  biological  effeots  whioh  are  strictly  identical  both  in 
a  qualitative  and  a  quantitative  respect. 

It  was  quite  convincingly  shown  in  the  group  of  reports  by 
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Yu. 3.  Kudryashov  and  colleagues  and  A.M.  Kuzin  and  coworkers  that 
at  least  two  classes  of  compounds  exist:  lipid  toxins  and  qui- 
nones,  which  are  radiomimetics  and  whose  effect  on  an  unirradi¬ 
ated  organism  causes  a  whole  series  of  disturbances  which  are  ob¬ 
served  during  radiation  sickness.  Therefore,  the  very  raising  of 
the  question  of  primary  toxins  is  quite  well-founded  and  the 
study  of  this  question  is  promising  both  in  theoretical  and  prac¬ 
tical  respects. 

It  would  be  extremely  important  for  further  study  of  this 
problem  to  do  the  following: 

1.  Compare  the  concentrations  injected  into  an  unirradiated 
organism  with  the  concentrations  of  the  same  toxins  produced  in 
the  organism  after  irradiation  at  which  the  same  or  similar  bio¬ 
logical  effects  are  obtained,  taking  into  consideration  the  laws 
of  the  elimination,  distribution  and  conversion  of  individual 
toxins.  (It  would  also  be  interesting  to  compare  the  toxin  con¬ 
centrations  when  injected  into  animals  irradiated  with  different 
doses.)  Of  course,  the  concentrations  in  the  first  case  must  be 
large,  but  the  closeness  of  these  concentrations  would  be  one 
important  and  direct  proof  of  the  determining  role  of  the  primary 
toxins  in  radiation  sickness. 

2.  Study  the  dynamics  of  the  accumulation  and  conversion  of 
individual  primary  toxins  formed  in  an  irradiated  organism,  since 
if  the  hypothesis  of  the  primacy  of  the  toxins  is  correct,  the 
time  relations  of  the  concentration  of  such  toxins  should  be  sim¬ 
ilar  in  irradiated  and  unirradiated  organisms  with  the  same  dis¬ 
tribution  of  the  toxins  in  the  organism.  In  connection  with  this, 
it  is  also  of  interest  to  study  the  time-concentration  relations 
of  the  primary  toxins  in  individual  organs  and  tissues  after  local 
irradiations  and  to  connect  them  with  the  radiosensitivity  of  the 
organism's  organs,  tissues  and  systems.  It  follows  from  what  has 
been  stated  that  a  study  of  the  quantitative  kinetic  principles, 
the  conversions  of  the  primary  toxins,  their  location  after  gen¬ 
eral  and  total  irradiation,  as  well  as  a  comparative  study  of 

the  kinetics  of  the  behavior  of  the  primary  toxins  in  irradiated 
and  unirradiated  organisms  is  an  important  task  for  future  re¬ 
search. 

As  we  have  shown  with  the  use  of  a  tritium  marker  and  later 
with  heavy  oxygen,  periodic  metabolic  processes  occur  in  the  or¬ 
ganism  which  are  unequivocally  connected  with  the  periodicity  of 
the  onset  of  exacerbations  during  radiation  lesions  and  the  per¬ 
iodicity  of  the  death  of  irradiated  animals;  a  hypothesis  has 
been  Introduced  that  these  effects  are  caused  by  a  periodic 
change  in  the  concentration  of  radiotoxins  in  the  Irradiated  or¬ 
ganism.  I  have  given  the  kinetic  principles  which  explain  the 
periodicity  in  metabolic  processes  and  the  periodicity  in  the 
change  in  the  concentration  of  compounds  formed  as  a  result  of 
consecutive  metabolic  reactions.  If  radiation  lesions  and  the 
death  of  animals  are  caused  chiefly  by  the  effect  of  lipid  toxins 
and  qulnones,  there  must  be  a  correlation  between  the  phase 
changes  in  the  concentrations  of  th<:  indicated  toxins  in  the  or¬ 
ganism  and  the  phase  nature  of  ti\«  exacerbation  of  radiation  le¬ 
sions  and  the  "peaks  in  the  mortality"  of  Irradiated  animals. 
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In  the  roport  by  Kuzin,  Kudryashov,  Lebedeva,  Baltbardzys 
and  Bllushi  some  curves  of  the  change  in  toxin  concentration  with 
time  having  a  phase  nature  were  demonstrated.  Therefore,  a  com¬ 
parison  of  the  kinetic  principles  of  the  change  in  primary  toxin 
concentration  in  an  irradiated  organism  with  the  phase  nature  of 
the  metabolic  processes  and  the  phase  nature  of  the  course  of 
radiation  lesions  and  mortality  is  extremely  important;  the  ex¬ 
istence  of  a  clear  correlation  between  the  indicated  phenomena 
would  be  one  further  proof  of  the  important  role  of  the  primary 
toxins  in  the  development  and  course  of  radiation  lesions  and 
would  help  to  disclose  the  inner  mechanisms  lying  at  the  basis 
of  the  phase  nature  of  radiation  sickness. 

On  the  whole,  this  conference  has  shown  that  further  study 
of  the  chemical  nature  and  mechanisms  of  action  of  the  primary 
toxins  and  the  kinetics  of  their  formation  and  conversions  is 
an  urgent  scientific  problem  of  great  practical  importance,  since 
the  solution  of  these  problems  will  make  it  possible  to  give  a 
quantitative  evaluation  of  the  role  of  individual  primary  toxins 
in  radiation  lesions,  to  intervene  actively  in  processes  of  the 
onset  and  development  of  radiation  lesions  and  to  develop  methods 
of  preventing  radiation  lesions. 

SHAL'NOV *  M.I . 

In  the  concept  of  primary  radiotoxins  great  Importance  is 
attached  to  chemically  active  products  which  are  formed  as  a  re¬ 
sult  of  multiple  defects.  Therefore,  the  question  naturally  arises 
of  the  role  of  these  defeots  together  with  primary  injuries  of 
unique  cell  structures  in  the  triggering  mechanisms  of  the  radio¬ 
biological  effect. 

The  radiation-chemical  yields  from  the  dissociation  of  bio¬ 
logically  important  substances  of  different  natures  whioh  have 
been  measured  at  the  present  time  do  not  allow  one  to  speak  of 
the  primary  radiosensitivity  of  any  of  them.  The  ion  yields  rarely 
exceed  1  molecule  and  this  means  that  1  out  of  1000  or  1  out  of 
10,000  molecules  is  damaged.  Therefore,  it  is  more  difficult  to 
oonneot  the  high  biological  effectiveness  of  radiation  with  the 
injury  of  multiple  structures  than  with  the  injury  of  unique 
structures.  This  can  be  explained  by  a  naive,  but  convincing 
calculation. 

Let  us  imagine  a  DNA  (AHK)  moleoule  under  whose  genetic  con¬ 
trol  a  large  amount  of  different  protein  ensymes  is  synthesised. 
The  synthesis  of  each  ensyme  is  controlled  by  its  own  gene.  Sev¬ 
eral  genes  operate  simultaneously  in  the  cell  -  the  synthesis  of 
the  appropriate  number  of  ensymes  takes  plaoe.  At  an  ion  yield 
equal  to  one  it  is  possible  to  evaluate  whioh  is  store  important 
-  the  injury  of  one  moleoule  of  eaoh  of  the  ensymes  or  of  one 
base  an  one  gene  segment  of  DNA  which  controls  the  output  of  one 
ensyme. 

It  is  quite  clear  that  primary  injuries  of  multiple  struc¬ 
tures  at  the  exact  information  oenter  are  reversible  and  can  re¬ 
main  unnoticed.  The  destroyed  molecules  will  be  replaced  by  newly 
synthesised  molecules.  On  the  other  hand,  in  the  oase  of  looal 
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DNA  injury  (the  reaction  unit  is  1  muton)  the  synthesis  of  a 
normal  enzyme  can  cease  and  the  synthesis  of  an  abnormal  one  can 
begin.  In  other  words,  local  injury  of  DNA  can  be  intensified 
during  metabolism  (biosynthesis)  up  to  a  general  biological  occur¬ 
rence.  This  can  also  be  of  significance  for  radiotoxin  production. 
After  all,  besides  toxins  which  are  formed  directly  in  the  process 
of  radiolysis  and  as  the  result  of  enzyme  activation  (liberation 
from  complexes  where  they  are  inhibited),  radiotoxins  can  also 
be  produced  es  a  result  of  a  "crisis  of  overproduction"  of  en¬ 
zymes  from  injury  of  the  cell's  gene  control.  In  particular,  the 
overproduction  of  phenyioxidase  can  entail  an  increase  above  nor¬ 
mal  in  the  concentration  of  substances  of  quinoid  nature,  as  was 
noted  in  a  number  of  papers. 

Chain  reactions  in  a  defective  Mosubstrate  or  multistage 
consecutive  reactions  which  are  transfex  ed  from  substrate  to 
substrate  can  be  an  Independent  means  of  Increasing  radlotoxln 
concentration.  It  is  difficult  to  determine  at  present  the  ini¬ 
tially  Injured  substrate  since  none  of  the  radlotoxlns  has  been 
identified.  Free  amino  acids  and  proteins  can  be  the  source  of 
substances  of  quinoid  nature;  lipids  and  carbohydrates  can  be  the 
source  of  peroxides,  aldehydes  and  ketones.  Altered  precursors  of 
the  nucleic  acids  may  also  make  an  appreciable  contribution  as 
possible  radiotoxirs. 

The  unique  structures,  in  particular,  DNA,  may  be  the  most 
likely  object  of  attack.,  It  is  impossible  to  believe  that  a  pro¬ 
tein  casing  always  Insures  DNA  from  attack  by  radicals.  In  the 
post-telophase  of  tbs  cell  and  during  DNA  synthesis,  part  of  the 
DNA  is  evidently  liberated  from  all  proteins  up  to  histone  and 
becomes  available  for  reactions  of  any  type.  The  maximum  radio- 
sensitivity  cf  DNA  biosynthesis  falls  in  just  these  periods.  DNA 
synthesis  (through  negative  feedback)  is  inhibited  by  the  abnor¬ 
mal  precursors  which  Intrude  into  the  cell  in  this  period.  The 
cytogenetic  effect  is  also  associated  with  the  development  cf 
latent  damage  sustained  by  DNA  in  these  periods. 

Radlotoxlns  can  promote  the  development  of  latent  Injuries. 

The  cytogenetic  effect  of  oxidation  products  of  oleic  acid  which 
was  spoken  about  in  the  report  by  Labslna,  Kudryashov  and  Luohnik 
seems  to  be  connected  with  their  effect  on  Injured  DNA  in  the 
G i-  and  5-perlods.  It  should  be  noted  that  the  depolyaerlsatlon 
of  DNA  which  evidently  lies  at  the  basis  of  the  structural  chromo¬ 
some  rearrangements  is  characterized  by  post-radiation  development. 
Labile  phosphate  esters  are  produced  In  a  DNA  chain,  irradiated 
in  oxygen  or  without  it,  which  are  decomposed  only  in  the  pres¬ 
ence  of  oxygen  or  oxidizers.  Consequently,  any  oxidi sable  radlo¬ 
toxln  can  act  as  a  developer  of  potential  Injuries  in  DNA  which 
are  recorded  at  the  ohromosome  level  in  the  period  of  mitosis. 

KUZIN,  A.N.  | 

M.I.  Shal'nov  is  quite  correct  when  he  speaks  about  the  ] 
great  biological  effectiveness  of  the  injury  of  a  unique  gene  ' 
structure  (muton)  whloh  gives  information  for  the  synthesis  of 
one  or  another  ensyme.  It  is  precisely  for  this  reason  that  we 
attach  such  significance  to  work  whloh  showed  ease  of  joining 
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o-quinones  to  DNP  (flHn),  DNA  and  histones.  However,  M.I.  Shal'nov 
makes  a  mistake,  which  has  been  repeated  many  times  before  him, 
in  speaking  of  the  ineffectiveness  of  the  damage  of  multiple 
structures.  The  mistake  lies  in  the  fact  that  it  is  assumed  with¬ 
out  foundation  that  the  injury  of  a  multiple  structure  leads  to 
its  disappearance .  But  since  these  structures  are  multiple,  the 
conclusion  is  drawn  that  the  ones  that  disappeared  will  be  re¬ 
placed  by  those  which  remain  or  by  newly  synthesized  structures 
and,  thus,  the  cell  will  net  undergo  damage.  Actually,  the  injury, 
for  example,  of  such  a  multiple  structure  as  the  mltochondrum  does 
not  lead  to  its  disappearance,  but  to  a  disturbance  in  Its  func¬ 
tions,  to  a  change  in  the  coordination  of  its  oxidative  processes, 
as  a  result  of  which  other  substances  (abnormal  metabolites ,  ra¬ 
diotoxins)  begin  to  appear  in  the  cell.  Whether  or  not  there  are 
other  uninjured  mitochondria  in  the  cell  has  no  significance  for 
the  radiotoxin  production  by  the  injured  structure.  And  as  a  re¬ 
sult  of  the  high  rate  of  enzymatic  processes  the  injury  of  even 
one  mitochondria  can  lead  to  the  production  of  huge  numbers  of 
radlotoxln  molecules  in  the  cell  in  a  short  time  after  irradia¬ 
tion.  Its  effect  on  unique  nuclear  structures  leads  to  further 
deepening  and  development  of  the  radiation  lesion  of  the  cell. 

BRESLAVETS,  t.P. 

The  considerable,  almost  vast  literature  on  the  effect  of 
ionizing  emissions  on  organisms  both  with  the  purpose  of  obtain¬ 
ing  mutations  and  with  the  purpose  of  changing  the  course  of 
growth  and  development  shows  the  importance  which  is  attached  to 
this  factor  in  the  national  economy. 

However,  in  spite  of  the  attempt s  of  many  authors  to  give  a 
correct  explanation  of  the  mechanism  of  its  aotlon,  they  have  not 
led  to  the  desired  goal  or,  more  correctly,  they  have  had  defi¬ 
nite  significance  only  in  individual  oases  and  for  individual  ob¬ 
jects.  A.M.  Kuzin's  hypothesis  concerning  the  production  of  spe¬ 
cial  substances  in  irradiated  plant  cells,  which  has  been  con¬ 
firmed  by  experiments,  is  a  step  forward.  These  substances,  iso¬ 
lated  from  irradiated  plant  tissues,  inhibit  the  division  of  the 
cell  nucleus,  as  a  result  of  which  retardation  or  even  death  of 
germlnants  and  adult  plants  is  observed,  cause  anomalies  in  their 
morphology  or  change  the  course  of  metabolism.  In  a  word,  all 
the  vital  processes  in  the  plants  are  affeoted.  These  substances 
received  the  name  of  radlotoxlns  in  the  first  stages  of  the  in¬ 
vestigation. 

It  seems  to  us  that  the  term  "radlotoxln"  is  not  very  apt . 
Substances  which  not  only  injure  cell  structures  but  also  stim¬ 
ulate  vital  processes  in  the  cell  appear  during  irradiation.  It 
has  already  been  shown  that  the  so-called  radlotoxlns  in  small 
amounts  at  first  cause  stimulation  of  development,  and  with  an 
lnorease  in  their  concentration  lead  to  inhibition  of  develop¬ 
ment  and  death  of  the  plants.  All  those  who  attach  great  impor¬ 
tance  to  the  use  of  Ionising  emission  for  increasing  productiv¬ 
ity  are  interested  in  determining  the  chemical  nature  of  these 
substances*  The  name  "radlotoxlns"  narrows  this  question.  Per¬ 
haps  the  name  "anomalous  metabolites”  is  also  not  very  apt,  but 
It  transmits  the  very  essence  of  the  matter  better. 
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KONOPLYANNiKOV,  A.G. 


I  have  several  remarks  on  V.I.  Susllkov's  report. 
The  formula 


can  be  obtained  without  resorting  to  the  concept  of  radlotoxlns 
If  It  Is  assumed  that  the  semi lethal  dose  during  local  Irradia¬ 
tion  Is  Inversely  proportional  to  the  body  mass,  that  is 


+  m,  »  1. 


It  Is  possible  to  obtain  Formula  (1)  by  simple  transforma¬ 
tions  of  Expressions  (2).  This  relation  will  undoubtedly  corre¬ 
spond  well  to  the  experimental  data  only  In  the  case  In  which 
the  Irradiated  sections  of  the  body  contain  In  approximately 
equivalent  amounts  radiosensitive  organs  responsible  for  the  sur¬ 
vival  of  the  animals  (primarily  the  hemopoietic  organs  and  intes¬ 
tines),  as  occurred  In  all  three  cases  used  for  the  calculation. 
The  constants  and  nd  for  these  cases  will  differ  little  from 

1.0.  In  those  cases  in  which  areas  of  the  body  which  differ 
sharply  in  their  significance  for  the  animals'  survival  undergo 
Irradiation  or  when  these  constants  must  differ  from  1.0,  For¬ 
mula  (1)  will  describe  very  approximately  the  relation  of  doses 
of  general,  local  and  supplementary  irradiations.  Such  situa¬ 
tions  are  possible  in  local  irradiation  of  sections  of  the  brain, 
esophagus,  intestines,  tubular  bones  and  others,  when  entirely 
different  formulas  of  radiation  Injury  will  be  observed.  In  ana¬ 
lysing  the  original  premises  of  V.I.  Susllkov's  calculations,  it 
is  also  necessary  to  point  out  that  It  is  not  generally  obliga¬ 
tory  that  the  value  n  mean  the  toxin  level,  but  it  will  be  more 
well-founded  to  Invest  in  it  the  concept  of  the  magnitude  of 
the  damage  to  organs  which  determine  the  animal's  survival.  The 
functional  relation  of  n  and  the  irradiation  dose  evidently  is 
also  very  approximately  described  by  a  linear  function.  As  al¬ 
ready  indicated  above,  the  hypothesis  that  the  value  is  a 

constant  during  the  irradiation  of  different  sections  of  the  body 
is  fundamentally  wrong. 

The  author's  hypotheses  concerning  the  nature  of  the  expo¬ 
nential  character  of  the  regeneration  of  sublethal  radiation  in¬ 
juries  are  also  very  doubtful.  In  this  case  such  a  relation  is 
connected  not  with  the  dynados  of  the  orange  in  the  level  of  the 
hypothetical  toxins,  but  with  the  character  of  the  repopulatlcns 
of  damaged  radiosensitive  organs,  primarily  of  the  bone  narrow. 
Suoh  explanations  are  confirmed  by  one  curious  phenomenon  which 
Is  observed  after  sublethal  irradiation  of  animals  -  the  phenom¬ 
enon  of  "increased  radioreslstance"  which  appears  approximately 
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10-15  days  after  the  first  nonlethal  irradiation.  In  studying 
the  dynamics  of  bone  marrow  regeneration  in  mice  it  was  shown 
that  in  this  time  it  is  as  if  "hyperfunction  of  the  bone  ’"arrow” 
is  observed  which  is  expressed  in  the  fact  that  the  number 
cells  in  the  bone  marrow  of  the  animals  which  is  sharply  de¬ 
creased  after  irradiation  again  reaches  the  values  of  the  con¬ 
trol  and  then  reliably  exceeds  them.  A  description  of  this  phe¬ 
nomenon  in  terms  of  the  toxin  hypothesis  is  impossible. 

The  creation  of  a  mathematical  model  for  describing  the  re¬ 
sults  of  fractionated  irradiation  of  animals  in  sublethal  doses 
is  possible  only  after  a  complete  reexamination  of  the  author's 
original  premises  -  in  switching  from  hypothetical  toxins  to  ac¬ 
tually  existing  cells. 

SHTUKKENBERG,  Yu.M. 

It  should  be  noted  that  the  relation  between  the  irradia¬ 
tion  doses  of  two  sections  of  the  body  which  are  complementary 
in  mass,  D\  and  D 2,  and  of  the  whole  body  D  which  cause  the  same 
effect  of  acute  injury,  obtained  by  V.I.  Suslikov  from  too  formal 
and  simplified  considerations,  is  not  Justified  in  a  number  of 
cases.  In  order  to  obtain  the  relation  1/D  »  1/D\  +  l/z>2  it  is 
sufficient  to  assume  that  the  biological  effects  (amount  of  toxins 
formed  in  the  organism)  are  proportional  to  the  mass  of  the  irra¬ 
diated  tissue.  In  this  case  the  radlosensltlvlty  of  individual 
organs  and  tissues  and  their  role  in  the  functions  of  the  complete 
organism  is  not  taken  into  consideration.  The  indicated  equality 
is  approximately  achieved  when  relatively  large  supplementary 
sections  of  the  tissue  are  Irradiated.  In  the  opposite  case  this 
equality  is  wrong.  When  almost  all  of  the  organism  is  irradiated 
and  a  very  small  section  of  the  tissue  containing  bone  marrow 
(for  example,  a  small  section  of  the  skin)  is  protected,  a  501 
lethal  dose  works  well,  while  the  dose  *>2  which  a  small  section 
of  the  tissue  can  obtain  can  be  very  large  and  not  cause  the  same 
effect  as  irradiation  of  the  whole  organism.  In  this  case,  ac¬ 
cording  to  the  data  in  V.I.  Susllkov’s  report,  the  relation  is 
obtained  that  1/D  *  1/2 D  (the  member  1 /D%  is  relatively  small), 
that  is,  the  equality  Is  not  observed. 

SUSUKOV,  V.I. 

If  by  factor  n,  as  A.Q.  Konoplyannlkov  suggest,  the  number 
of  injured  cells  of  the  bone  marrow  or  Intestine  is  meant,  great 
difficulties  arise  in  explaining  the  exponential  character  of 
damage  reparation  in  terms  of  the  "residual  dose."  We  have  pre¬ 
viously  .examined  these  difficulties  in  more  detail  [153. 

The  Increased  radloresistanoe  which  sets  in  after  the  first 
irradiation  and  is  demonstrable  by  the  method  of  repeated  irra¬ 
diations  which  is  connected,  according  to  the  generally  accepted 
opinion,  with  the  excessive  repopulation  of  cells  of  the  hemopoi¬ 
etic  system,  can  therefore  be  considered  within  the  framework  of 
the  concepts  which  we  are  developing  as  due  to  the  presence  of 
reparation  processes  which  ffer  in  nature  from  those  which 
cause  ?the  exponential  character  of  the  change  in  the  "residual 
dose"  with  time. 
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The  postulates  suggested  by  A.O.  Konoplyannlkov,  from  which 
Relation  (7)  can  actually  be  derived,  are  a  particular  case  of 
Relations  (A)-(6)  in  the  case  of  the  same  intensity  of  pfo&tistlon 
of  the  toxic  substance  in  different  sections  of  the  irradiated 
animal.  If  the  intensity  of  radiotoilc  substance  production  is 
different  in  different  parts  of  the  Irradiated  animal,  the  pos¬ 
tulates  suggested  by  A.G.  Konop ly annikov  will  be  internally  con¬ 
tradictory  since  the  values  of  one  and  the  same  quantity,  for 
example,  0^  obtained  from  Relation  (7)  from  known  experimental 

values  for  the  quantities  0d  and  0t  (see  "epigastrium"  in  table) 
and  obtained  from  his  second  postulate  from  the  quantities  0^  and 
will  be  different.  Actually,  from  Relation  (7)  the  quantity  0X 
must  equal  2058  r,  and  from  the  postulate  D ^  this  quanti¬ 

ty  must  be  different,  namely  3250  r.  The  experimental  value  2200  r 
is  much  closer  to  2058  r  than  to  3250  r  and  this  is  an  argument 
in  favor  of  our  assumption  of  different  intensities  of  radiotoxin 
production  in  different  parts  of  an  irradiated  animal. 

With  regard  to  Yu.M.  Shtukkenberg's  last  remark,  I  should 
like  to  draw  attention  to  the  fact  that  in  considering  the  "satu¬ 
ration"  effect  (see  note*  on  page  293),  the  difference  between  the 
experimental  value  of  0j  and  that  predicted  .from  Relation  (7) 

will  decrease  and,  perhaps ,  will  become  completely  insignificant. 
KUDRYASHOV,  Yu.B. 

It  has  been  shown  in  a  series  of  papers  by  our  group  that 
the  radiation  toxic  effect  is  the  result  of  the  multiple  effect 
of  various  radiotoxins.  The  dynamics  of  the  production  of  each 
of  the  components  of  this  group  is  unique  and  depends  on  many 
things:  the  irradiation  conditions,  the  characteristics  of  the 
biological  specimen,  the  specifics  of  the  mechanism  of  production 
of  the  toxic  substance  and  others. 

Deciphering  of  the  toxic  radiation  effect  as  a  whole  and  its 
elements  individually  is  of  great  interest  from  the  viewpoint  of 
the  diagnosis  and  treatment  of  radiation  sickness.  Besides  the 
undoubted  importance  of  the  study  of  one  or  another  radiotoxin, 
the  necessity  of  determining  the  primary,  leading  link  In  the  de¬ 
velopment  of  the  toxic  radiation  effect  has  come  to  a  bead.  Our 
work  has  basically  been  devoted  to  this  problem.  Bvidently,  we 
have  eucoeeded  in  separating  out  this  link,  which  la  the  primary 
production  of  oxidised  products  of  unsaturated  fatty  adds  which 
have  a  wide  range  of  action  on  various  biological  specimens  and 
systems  and  cause  the  production  of  other  radiotoxins.  Our  work 
has  experimentally  confirmed  B.H.  Tarasov* s  hypothesis  concerning 
the  participating  of  unsaturated  fatty  adds  in  the  primary  reac¬ 
tions  of  radiation  slekneaa. 

The  reports  presented  by  the  group  from  AJI.  Busin's  labora¬ 
tory  are  very  interesting.  A  central  place  in  this  work  is  given 
to  qulnone  production.  The  prindpal  point  of  application  of  the 
qulnones  is  their  effect  on  unique  structures  of  the  cell  nucleus, 
on  DMA  synthesis  and  on  oell  division. 
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.The  qulnonesl,*  as  the  wo’-k  of  A.M.  Kuzin  and  his  colleagues 
showed  are  formed  as  a  result  of  the  intensification  of  oxida¬ 
tive  reactions  in  the  irradiated  organism. 

Thus,  the  primary  mechanism  of  radiation  sickness  and  conse¬ 
quently,  the  leading  link  in  the  toxic  radiation  effect  is  the 
intensification  of  oxidation  reactions  of  substrates  sensitive  to 
them,  Unsaturated.  fatty  aci^s  which  produce  "lipid  radiotoxins " 
aa  well  as  phenols  which  are  oxidized  to  toxically  active  quinones. 
The  grfeat  interest  manifested  in  radiobiological  literature  in  the 
primary  reactions  of  .radiation  sickness  is  closely  connected  with 
the  development  of  radioprophylactic  agents. 

B.N.  Tarusoy's  hypothesis  concerning  the  role  of  chain  oxi¬ 
dation  reactions  and  A.M.  Kuzin’s  detailed  outline  which  shows 
the  role  and  site  of  th£j  numerous  changes  in  the  biochemical 
processes  ahd  their  connection  with  structural  disturbances  in 
the  cells  during  the  development  of  the  radiation  syndrome  have 
great  importance  for  an" understanding  of  the  primary  and  inten¬ 
sifying  mechanisms  of  radiation  sickness. 

The  work*  of  P.D.  Uorizontov  and  his  colleagues  should  also 
be  mentioned.  The  important  role  of  toxic  substances  in  radiation 
sickness- was  first  demonstrated  most  convincingly  in  this  work 
and  the  many-sidedness  of  their  action  was  shown. 

At  the  present  time  the  question  of  the  toxic  radiation  ef¬ 
fect  has  ceased  to  be  controversial  and  has  been  transformed  into 
a  problem  which  occupies  the  central  plaoe  in  modern  radiobiology. 
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CONCLUDING  REMARKS 

The  large  amount  of  new  factual  material  presented  at-  this 
conference  convincingly  demonstrates  the  production  in  an  Irradi¬ 
ated  organism  of  biologically  highly  active  substances  capable  of 
causing  many  radiation  effects.  Historically,  the  name  "radiotoxin" 
has  been  attached  to  these  substances,  but  one  must  agree  with 
L.P.  Breslavets  who  indicated  the  narrowness  of  this  term  which 
does  not  reflect,  in  particular,  the  fact  that  in  small  amounts 
these  substances  can  stimulate  a  number  of  vital  processes. 

It  also  follows  from  the  material  which  has  been  presented 
that  a  whole  series  of  these  active  substances  arises  in  an  irra¬ 
diated  organism  at  different  stages  of  the  development  of  radia¬ 
tion  sickness,  which  does  not  allow  one  to  speak  of  one  specific 
"radiotoxin,"  and  leads  to  the  concept  of  a  change  in  the  concen¬ 
tration  in  the  irradiated  organism  of  a  number  of  biologically 
active  substances  which  form  a  supposed  class  of  "radiotoxins." 
Substances  -hich  are  quite  different  in  chemical  nature  belong  to 
this  class.  Here  we  are  talking  about  such  o-quinones  as  oxidized 
chlorogenic  acid,  oxidized  tyrosine  and  other  not  more  closely 
identified  low-molecular  qulnones.  Products  of  unsaturated  fatty 
acio  oxidation  of  peroxide,  epoxide  or  carbonyl  nature  possess 
the  properties  of  radiotoxina.  There  is  no  doubt  that  choline  and 
histamine,  appearing  under  the  influence  of  Irradiation  in  anoma¬ 
lous  amounts,  also  have  their  effect  on  the  uevelopment  of  radia¬ 
tion  sickness. 

Finally,  it  has  been  convincingly  shown  that  at  later  stages 
of  the  development  of  radiation  sickness  the  phenomenon  of  toxe¬ 
mia  Is  closely  associated  with  protein  decomposition  products  or 
with  products  of  abnormal  protein  synthesis  which  is  probably 
connected  with  a  disturbance  in  the  transmission  of  metabolic 
information  from  the  cytogenetic  structures  of  the  cells. 

However,  this  set  of  "radiotoxins"  can  easily  be  classified 
into  at  least  three  groups. 

Such  substances  as  choline  and  histamine  might  belong  to 
toxins  of  low  specificity  for  radiation.  They  have  a  very  small 
raoiomlmetic  spectrum,  explaining  by  their  appearance  only  a  few 
characteristics  of  the  course  of  radiation  sickness. 

Radiotoxins  of  protein  nature  should  be  placed  in  the  second 
group.  They  appear  at  the  climax  of  radiation  sickness  as  a  result 
of  profound  primary  changes  in  nucieoproteln  metabolism.  An  ex¬ 
ceptionally  Important  role  in  the  outcome  of  radiation  sickness 
clearly  belongs  to  then.  Knowledge  of  their  properties,  the  causes 
of  their  production  and  the  dynamics  of  their  accumulation  are 
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extremely  Important  for  the  treatment  of  radiation  sickness.  How¬ 
ever,  their  appearance  undoubtedly  is  of  secondary  origin.  They 
are  not  found  immediately  after  irradiation  and  it  is  doubtful 
whether  they  can  provide  an  understanding  of  the  primary  mechan¬ 
isms  of  radiation  lesion.  The  primary  processes  themselves  which 
lead  to  their  appearance  require  understanding.  It  seems  to  us 
that  the  name  "secondary  radiotoxins"  should  be  given  them  for 
greater  clarity  of  the  processes  occurring  in  the  irradiated  or¬ 
ganism. 

Finally,  the  biologically  active  substances  about  which  the 
most  information  was  given  at  our  conference,  belonging  to  the 
classes  of  the  o-quinones  and  products  of  unsaturated  fatty  acid 
oxidation  must  be  placed  in  the  third  group  of  radiotoxina.  Their 
production  immediately  after  irradiation,  a  regular  increase  with 
time  and,  what  is  especially  important,  a  broad  spectrum  of  radio- 
mimetic.  properties  are  characteristics  of  precisely  these  sub¬ 
stances.  These  substances  should  be  called  "primary  radiotoxins" 
since  their  production  is  due  to  purely  radiochemical  oxidation 
processes  directly  at  the  moment  of  irradiation.  A  special  fea¬ 
ture  of  these  substances  is  the  post-radiation  increase  in  their 
concentration  through  further  chain  and  enzymatic  oxidation  reac¬ 
tions  of  the  precursors  which  are  always  present  in  the  cells. 

Evidently,  only  the  "primary  radiotoxins"  can  be  considered 
as  substances  which  cause  further  development  of  events  in  an  ir¬ 
radiated  cell.  It  is  interesting  to  note  that  both  products  of 
phenol  oxidation  (<?-quinones  and  free  radical  semiquinones)  and 
products  of  unsaturated  fatty  acid  oxidation  (peroxides  and  epox¬ 
ides)  have  groups  of  atoms  close  in  chemical  nature  and  are  strong 
oxidizers. 

This  explains  a  number  of  similar  properties  of  the  radio¬ 
toxins,  for  example,  the  ability  to  inhibit  cell  division,  to 
cause  cell  death,  to  imitate  radiation  lesion  in  animals  (drop  in 
weight  and  number  of  lymphocytes)  and  others. 

A  particularly  important  property  of  the  o-quinones  is  their 
indicated  capacity  to  form  nucleophilic  compounds  with  nucleo- 
proteins  of  the  cell  nucleus .  It  is  precisely  thanks  to  this  prop¬ 
erty  that  considerable  damage  to  unique  cytogenetic  cell  struc¬ 
tures  occurs,  through  which  the  properties  of  these  substances  as 
typical  radiomimetic8  are  manifested.  It  is  well  known  that  the 
DNA  of  the  cell  can  be  damaged  by  a  direct  hit  of  an  ionizing  par¬ 
ticle  on  it.  However,  this  is  a  rate  phenomenon  and  at  doses 
causing  the  death  of  mammals  it  occurs  in  single  cells  and  it  is 
doubtful  whether  it  can  explain,  for  example,  the  cessation  of 
division  or  the  mass  death  of  the  cells  of  a  number  of  radiosen¬ 
sitive  tissues.  At  the  some  time,  the  o-quin&nes,  thanks  to  the 
rapid  inorease  in  their  amount  in  the  first  hours  after  irradia¬ 
tion,  reach  the  concentration  at  which  they  react  in  the  same  way 
with  the  set  of  cell  nuclei,  causing  inhibition  of  DNA  synthesis, 
the  formation  of  chromosomal  aberrations,  the  death  of  the  cells 
after  a  few  divisions  and  the  production  of  anomalous  proteins 
through  a  change  in  the  informational  properties  of  DNA. 
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1)  Ionizing  radiation;  2)  absorption  of  light  energy  by  cell 
structures;  3)  primary  free  radicals;  4)  radiochemical  oxidation 
processes;  5)  phenols;  6)  primary  radiotoxins  o-quinones  £  semi- 
quinones;  7)  change  in  enzymatic  oxidation;  8)  mitochondria  (mem¬ 
branes);  9)  inhibition  of  oxidative  phosphorylation;  10)  disturb¬ 
ance  in  energetics;  11)  radiation  sickness;  12)  unsaturated  fatty 
acids;  13)  lipid  primary  radiotoxins;  14)  lysosomes  (membranes); 
15)  cytolysis;  16)  interphase  cell  death;  17)  death  of  organism; 
18)  inhibition  of  DNA  synthesis;  19)  cessation  of  division;  20) 
cessation  of  growth;  21)  disturbance  in  enzymatic  processes;  22) 
secondary  radiotoxins;  23)  aging;  24)  cell  nucleus  DNA  +  histone; 
25)  chromosomal  aberrations;  26)  deformities;  27)  mutations;  28) 
change  in  I-RNA  (M-PHK);  29)  synthesis  of  changed  proteins;  30) 
formation  of  malignant  tumors;  31)  inhibition  of  differentiation; 
32)  death  of  cells  during  division;  33)  remote  consequences. 


If  a  leading  role  in  the  cytogenetic  effects  of  irradiation 
can  be  ascribed  to  the  o-quinones,  perhaps  first  place  in  the 
cytolytic  manifestations  of  the  effect  of  ionizing  radiation  be¬ 
longs  to  the  lipid  radiotoxins.  Their  active  influence  on  cell 
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membranes  can  lead  to  mass  Interphase  cell  death  soon  after  ir¬ 
radiation  and  to  a  change  In  the  functions  of  the  mitochondria 
(to  the  suppression  of  oxidative  phosphorylation)  which  is  very 
closely  connected  with  the  death  of  organisms  from  a  sufficient 
dose  of  irradiation. 

The  role  of  the  radiotoxins  in  the  development  of  radiation 
sickness  can  be  represented  in  the  form  of  the  diagram  which  is 
presented  here. 

The  principal  importance  of  the  quinones  in  the  injury  of 
cytogenetic  cell  structures  and  the  role  of  lipid  radiotoxins  in 
disturbing  the  functions  of  the  mitochondria  and  lysosomes  in 
cytolytic  processes  are  reflected  in  the  diagram. 

We  attach  special  importance  to  the  biochemical  intensifica¬ 
tion  of  processes  of  radiotoxin  production  through  their  primary 
effect  on  the  membranes  of  the  mitochondria  and  distortion  of  the 
course  of  enzymatic  oxidation  processes  in  these  structures.  Per¬ 
haps  the  explanation  of  the  experimentally  demonstrated  appear¬ 
ance  of  the  quinones  from  the  effect  of  the  injection  of  lipid 
toxins  into  the  organism  lies  here.  The  primary  physicochemical 
processes  arising  in  the  cell  biostructures  after  the  absorption 
of  energy  are  not  considered  in  the  suggested  diagram  since  they 
are  beyond  the  scope  of  the  interests  of  this  collection  and  were 
already  discussed  in  our  earlier  publications. 
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ATD  (2) 

PHS  (1) 
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TDBID-2 
TDBR 
TDGS 

Det  #3  (FTD) 
NGRAD/FTCSO 
TDP  (FHE) 
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PB 
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)PT 
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(1) 
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1 
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2 

1 
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DDC  20 
C205  Army  Map  Service  1 
C513  Picatinny  Arsenal  1 
C523  Harry  Diamond  Lab  1 
C535  Aviation  Mat  Coad  1 
C591  U.S.  Army  (FSTC)  3 
0619  MID  Redstone  1 
C683  Army  Security  Agency  1 
D153  Pac  Msl  Ran  .-re  1 
H521  Hq  USAREUR  -  UTIC  1 
U.S.  Navy  (STIC/N2D)  1 


AEC  (Tenn)  2 
AEC  (Wash)  2 
FAA  (Med  Lib)  2 
NASA  (ATSS-T)  1 


DIA  (DIACO-3)  17 

B154  DIAST-1  Data  Base 
B162  DIAST-2D 
B737  DIAAP-10A 
B768  OACSI  -  USAITAG 
D008  U.S.  Navy  (STIC) 

D220  ONR 

P055  CIA/OCIV'SD  (5) 

P090  NSA  (CREF/CDB)  (6) 
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